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FOSHAGITE: COMPOSITION, UNIT CELL 
AND DEHYDRATION 


J. A. Garp anv H. F. W. Taytor, University of Aberdeen, Scotland. 


ABSTRACT 


Foshagite is confirmed as a mineral species. A new analysis gives the composition 
4CaO-3Si02-H20; the ionic constitution is probably CasSis;09(OH)s, with infinite metasili- 
cate chains similar to those in wollastonite. The unit cell has been determined from a 
combination of single-crystal electron diffraction and oriented fibre x-ray methods; it is 
A-centred monoclinic with a 10.32, b 7.36, c 14.07 A, 8 106.4°, Z=4. The crystals are mark- 
edly fibrous with length b, and principal cleavage (001). Reflections with k odd are weak 
and diffuse, and the pseudo-cell is primitive monoclinic with @ 10.32, b 3.68, c 7.04 A, 
6 106.4°. Foshagite is dehydrated at about 700°, when it undergoes oriented transformation 
to B-CaSiO; and B-CazSiO,. The relationship of orientations in this transformation has been 
determined. In conjunction with other evidence, it gives a preliminary indication of the 
crystal structure. 


INTRODUCTION 


Foshagite was discovered at Crestmore, California by Eakle (1925). 
He showed that it was a white, fibrous mineral of approximate composi- 
tion 5CaO-3SiO.:3H.2O and concluded from its optical properties that it 
was probably orthorhombic. Vigfusson (1931) concluded from optical 
and «-ray powder evidence that it was identical with hillebrandite, as did 
Berman (1937), but later x-ray powder work (Flint, McMurdie, and 
Wells, 1938; McMurdie and Flint, 1943; Heller and Taylor, 1956) 
showed that this was incorrect. Taylor (1952) obtained a fibre rotation 
pattern which indicated a 7.3 A repeat distance along the fibre axis, with 
strong pseudo-halving. In this respect, foshagite resembles several other 
calcium silicate minerals such as xonotlite, hillebrandite, and tober- 
morite. Heller (1952) showed that dehydration caused ordered (or partly 
ordered) transformation to 6-CaSiO; and 6-CazSiO.. Flint, McMurdie, 
and Wells (1938) described the synthesis. Jander and Franke (1941) pre- 
pared a compound which they considered to be 3CaO- 2Si02: H20, the 
powder data for which agreed with those of foshagite. Newman (1956) 
made a new analysis and determined the heat of solution. The unit cell 
has not previously been determined. 
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TABLE 1. CORRELATION OF THE X-Ray Powper Data OF HELLER AND TAYLOR (1956) 
witn d-SPACINGS CALCULATED FOR THE MONOCLINIC PsEUDO-CELL, WITH k-INDICES 
Dousiep. CuKa RapiaTION. CAMERA DIAMETERS 6 CM. AND 19 cM. 


X-ray powder data Monoclinic pseudo-cell 
d-spacings (A) k-indices hkl-indices d-spacings (A) 
10.0 mw 0 100 9.90 
6.8 ms 0 001 6.75 
4.95 ms 0 200, 101 4.95, 4.96 
3.56 w 0 PAM Soe) 
3.37 ms 0 002, 301 Spo oROO 
3.25 m 0 202 Bas) 
2.92 ws 2 121, 220 2.95 
2.79 mw 0 302 2.78 
2.68 vw 0 301 2.67 
2.48 m {0 202, 400 2.48 
: 2 022, 321, 320 2.48, 2.48, 2.46 
2.33 vw 0 103, 402 238 
2.30 ms 0 203 2.30 
2.25 vw u 322 Dine 
2.16 ms 2B 321 Deli 
2.12 w 2 421 Dee Mal 
2.09 w 0 302 2.09 
2.07 mw 2) 222,420 2.05 
1.99 vw 0 500, 502 1.98, 1.97 
1.93 vw 2 223, 023 IOS le Oz 
1.86 vvw 2 421, 323 1.86 
1.84 ms 4 040 1.84 
1.82 vvw 2 SIP). WIS), SPL 1.81, 1.80,1.80 
1.77 m i. 402, 501 lag 
0 204, 503, 104 17s 
1.7 0 304, 601 Ve lth 024 
ek \2 522 1272 
1.66 vw 0 303, 600 165 
1.63 mw 2 DX) 1.66 
1.59 m 2 422, 521, 224 LOO OO MIS 
1 37 vw 0 104, 603 LBS pesos 
1.55 vw 2 621, 324 1.55 
1.53 w 0 502 1253 
1.52 w 2 024, 622 1.53 
1.51 vw 2 323, 620 1.50 
d-spacings (continued) 
1.47 mw 1.34 vw 1.154 w 
1.46 w 1.32 w 1.127 vw 
1.42 mw 1.29 vw 1.115 vvw 
1.40 vw 1.26 mw 1.107 vw/b 
1.39 vw 1.22 vw 1.100 vvw 
1.36 vw 1.18 vw 1.077 vvw 
1.35 vvw 1.17 vw 1.057 vw 
1.039 mw 
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OPTICAL AND X-RAY RESULTS 


The specimen used was from Eakle’s collection at the University of 
California, collected at the type locality and kindly provided by Professor 
A. Pabst. It consisted of long white fibres. X-ray examination showed 
that even small fibres were composed of crystallites that were well- 
aligned but rotated at random round the fibre axis, and single-crystal 
patterns were therefore unobtainable. The fibres have parallel extinction 
with positive elongation. The refractive index is 1.598+0.002 for light 
vibrating parallel to the fibre direction and 1.594+0.002 for light vibrat- 
ing across it. Small crystals of thaumasite, identified optically, are dis- 
tributed fairly evenly in the materia! “rn places were concentrated in 
yellowish masses up to a few millimetres in each direction. Occasional 
crystals of calcite are also present. X-ray photographs of fibres taken 
from different parts of the specimen show that except for one region in 
which it is intergrown with hillebrandite, the foshagite is free from 
other known calcium silicate minerals. In all these respects the material 
agrees closely with Eakle’s description, although the latter did not report 
the presence of hillebrandite. 

The x-ray powder and oriented fibre data given by Heller and Taylor 
(1956) were obtained using this specimen and are reproduced in Table 1. 
The powder data agree substantially with those of McMurdie and Flint, 
who however reported moderate reflections at 8.0 and 5.67 A which were 
not found in the present experiments. 


ELECTRON MICROSCOPE INVESTIGATION 


A few fibres were lightly crushed in water and drops of the resulting 
suspension allowed to dry on specimen grids coated with formvar films. 


Fic. 1. An electron micrograph of typical fibres of foshagite. 


a J. A. GARD AND H. F. W. TAYLOR 


Some of the specimens were shadowcast (Williams and Wyckoff, 1944) 
with gold palladium alloy at an angle of tan™ 1. The specimens were 
examined in a Metropolitan-Vickers EM3 electron microscope. Electron 
micrographs (Fig. 1) confirmed the fibrous nature of the specimen. In- 
dividual fibres had two good cleavages parallel to the fibre axis, and were 
about 250-4000 A wide, with thicknesses varying between one-quarter 
and three-quarters of the width. Electron-diffraction patterns from in- 
dividual fibres (Fig. 2) showed an orthogonal network of spots with al- 
ternate strong and weak layer-lines perpendicular to the fibre axis in 


bh kA 
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Fic. 2. (left) A typical electron-diffraction pattern from a single fibre of foshagite, with 
(001) planes normal to the electron beam. There are alternate strong and weak layer lines 
perpendicular to the fibre direction 6. Both strong and weak reflections lie on an orthogonal 
net, which is divided into Laue zones parallel to 6. The maxima of the odd layer lines are 
halfway between the Laue zones through the strong reflections of the even layer lines. 

Fic. 3. (right) An electron-diffraction pattern from a foshagite fibre with its c-axis 
parallel to the electron beam, so that the /kO Laue zone is almost central. The odd layer 
lines are very faint streaks, and the spacing of reflections along the even layer lines corre- 


sponds to dioo. The most intense reflections lie on a slightly distorted hexagonal net with a 
3.60 A. 


accordance with the «-ray results. The patterns showed that the fibres 
were single crystals, of which all but one of those examined lay in the 
same orientation. The fibre axis will be called }, and the principal cleav- 
age, on which most of the crystals lay, will be called (001). The following 
discussion relates to the pseudo-cell. The weak, intermediate layer-lines 
with true & odd, and their connection with the true cell, are discussed 
later. 

The a-axis lies substantially in the plane of the supporting film. As the 
patterns are orthogonal, it can be chosen normal to 6, making y= 90°. 
The mean value found for b was 3.67 A. This suggests that the 1.84 A 
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«-ray reflection, which has true k=4, is 020 on the pseudo-cell, giving 
3.68 A for doo. The agreement between $ and doio Confirms that y=90° 
and shows also that a=90°. The pseudo-cell is thus geometrically ortho- 
rhombic or monoclinic. 

Many of the patterns, including that shown in Fig. 2, appeared to be 
intersected by closely-spaced Laue zones (Brown and Clark, 1952) 
parallel to the fibre axis. The maximum tilt of the specimen Sins (about 
7°) was sufficient only in two cases to allow the c-axis to be brought par- 
allel to the electron beam so that the 20 Laue zone was central (Fig. 3). 


y, 


Fic. 4. (left) An electron-diffraction pattern from the foshagite fibre of Fig. 3 after tilting 
a few degrees from that position. The pattern is now divided into Laue zones arising from 
the c-axis. The /-values of these zones (indexed on the pseudo-cell) are indicated. 

Fic. 5. (right) An electron-diffraction pattern from a foshagite fibre lying on (100), with 
Laue zones arising from the a-axis; /-values of the zones are indicated. The reflections fall 
on a face-centred orthogonal net with alternate strong and weak layer lines perpendicular 
to the b-direction. The reflections on the odd layer lines are joined by streaks, and are not 
divided into Laue zones. The powder rings are due to the shadow-casting metal. 


B therefore probably exceeds 97°. The two exceptional cases presumably 
occurred with crystals having an initial tilt about the fibre axis, so that 
their (001) planes were not normal to the electron beam. For both of these 
patterns with the “kO zone central, dioo was 9.95 A. All other patterns 
gave higher apparent values of dio, up to a maximum of about 10.6 A. 
If it is assumed that this maximum value occurs when (001) is exactly 
normal to the electron beam, it may be taken as a measure of a; the dif- 
fraction conditions are still satisfied because the crystal is necessarily 
very thin normal to (001). From the relation dio90=a sin 8, 6 was esti- 
mated at about 110°. 

Figure 4 shows the effect of tilting the crystal through a few degrees 
about 6 on one of the patterns with the 40 zone centred. The pattern is 
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split into clearly-defined Laue zones for different values of /. By tilting 
through various angles and applying the procedure due to Gard (1956), 
c was estimated at about 7.3 A from the Laue zone radii. Comparison 
of reflections in adjacent zones showed the pseudo-cell was primitive. No 
space-group absences were observed. 

The electron-diffraction pattern from one fibre (Fig. 5) showed that 
its (100) plane was approximately normal to the beam. Values of 7.0+0.3 
A for c were derived from the spacings of the spots, and of 10.0+0.8 A 
for a from the radii of the Laue zones, but the accuracy was poor. These 
values are in accordance with those already obtained. The electron- 
diffraction data thus show that the pseudo-cell ismonoclinic, with approxi- 
mate parameters: 


a 10.6, b 3.67, c 7.0:A, 6 110°. 


The structure of the weak intermediate layer-lines perpendicular to 6 
will now be considered. In the electron-diffraction pattern with the 
hkO Laue zone central (Fig. 3), the weak layers are continuous, very 
faint streaks. In the patterns from crystals tilted a few degrees from this 
position (Fig. 4), the streaks have maxima between adjacent Laue zones 
through the strong spots, and minima on these zones. Each maximum 
can be resolved into separate reflections with integral /-indices. In the 
pattern from a crystal lying on (100) (Fig. 5), the intermediate layers 
consist of spots with half-integral k- and /-indices in terms of the pseudo- 
cell. These spots are weak and connected by faint streaks parallel to c*. 
There is no apparent division into Laue zones for different values of h. 
This confirms that the weak reflections are streaked parallel to both a* 
and c*, but principally in the former direction. The true cell is thus A- 
centred monoclinic with the approximate parameters a 10.6, 6 7.34, c 
14.0 A, 8 110°, with the a, b, and ¢ axes in the same directions as in the 
pseudo-cell. The principal cleavage is (001) and the secondary cleavage is 
(100). 

Some of the spots on the pattern shown in Fig. 3 are more intense than 
others. They may be indexed on the pseudo-cell as 020, 440, 720, 1120 
where & is even, and 2k0, 5k0, 9k0 where k is odd, and thus lie ap- 
proximately on a face-centred orthogonal network with a mean spacing 
of 5.6 A across the fibre axis. This is a slightly distorted hexagonal net- 
work with a about 3.6 A. 


CORRELATION OF ELECTRON DIFFRACTION AND X-RAY DATA 


This provided a check on the pseudo-cell determined above and also 
a means of refining its parameters. The weak superlattice reflections were 
visible on the x-ray fibre rotation photographs only as continuous streaks 


FOSHAGITE 7 


corresponding to odd values of true k. For convenience, indices were 
allocated in terms of the primitive monoclinic pseudo-cell, except that 
to avoid confusion, the doubled value of b was used. All k-indices Ae 
therefore even. 

Consideration of the six longest «-ray spacings, all of which have /0/ 
indices, suggests that the 10.0, 4.95, 6.8, and 3.37 A spacings correspond 
respectively to 100, 200, 001, and 002. This gives values of 9.90 A for 
dyo9 and 6.74 for doo. The Oa*c* face of the reciprocal lattice was drawn, 
using these values and assuming 6*= 70°. It was found that the observed 
AOL spacing of 3.56 A could only be 201 and that the one of 3.25 A could 
only be 202. Optimum agreement between calculated and observed 
values for these spacings was obtained by adjusting 6* to 73.6°. Indices 
were allotted to all the spacings down to 1.5 A on the basis of these param- 
eters, taking into account the observed k-indices. Agreement was satis- 
factory (Table 1). The refined values for the parameters of the mono- 
clinic pseudo-cell are thus 


a 10.32, b 3.68, c 7.04 A, 6 106.4°. 


The corresponding A-centred monoclinic true cell has the parameters 
a 10.32, b 7.36, c 14.07 A, 6 106.4°.+ 


The x-ray fibre data show no systematic absences in the /0/ reflections, 
and the electron-diffraction data show no absences in the O20 reflections 
of the pseudo-cell. The space-group of the latter could therefore be P2, 
Pm, or P2/m. The weak reflections corresponding to the true cell were 
too indefinite to justify any attempt to determine its space-group. 


CHEMICAL ANALYSIS AND UNIT CELL CONTENTS 


The results of a new analysis made on the present specimen, by Dr. 
R. A. Chalmers, are given in Table 2 (column 3) with those of Eakle and 
Newman for comparison. The specific gravity was determined by sus- 
pension in bromoform-benzene mixtures after preliminary evacuation to 
remove air from the mineral. The material analysed contained a small 
proportion of thaumasite and possibly also a little calcite. An attempt to 
purify the material by specific gravity separation was unsuccessful, be- 
cause of the close admixture of the thaumasite and the difficulty of grind- 
ing the highly fibrous material. For the same reason the samples taken 
for the different parts of the analysis were not perfectly representative, 
and this may explain the slightly low total (99.3%). It was assumed that 


+ The axes have been chosen in these directions to clarify the relation between the true 
and pseudo-cells. The conventional true cell would be C-centered monoclinic with a 14.07, 


b 7.36, ¢ 10.32 A, B 106.4°. 
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TABLE 2. CHEMICAL ANALYSES AND UNIT-CELL CONTENTS 


1 2 3 4 5 6 
SiO» 33.92 36.60 39.8 42.2 Si 12.0 12 
Al,Os| {0.6 0.6 Al 0.2 
Fe,0;) oes Det \nil nil Fe nil 
MgO tr 2.61 0.8 0.9 Mg 0.4 
CaO 53.48 48.91 50.7 52.3 Ca 16.1 16 
Na2O n.d. n.d. 0.1 0.1 Na\ 
<0.1 
K,0 n.d. n.d. 0.1 OntKey 
H.O 10.19 8.88 5.7 3.8H 19 8 
CO: 1.83 2.67 0.8 nil O 44.4 44 
SO; n.d. n.d. 0.65 nil 
100.25 100.17 99.3* (100.0) 
Sp.gr. 2.36 Deak 2.79 


* Also: P2Os;, nil; MnO, tr. 

1. A. S. Eakle, 1925. Analyst, C. A. Gentle. 

2. E. S. Newman, 1956. 

3. This investigation. Analyst, R. A. Chalmers. ; 

4. Analysis 3 after correction for 5% of thaumasite (3CaO-SiO2: CO2:SO;-15 HO, 
s.g. 1.9) and 1% of calcite, and normalizing to 100. 

5. Atomic cell contents calculated from 4. 

6. Theoretical atomic cell contents for 4[CasSiz;09(OH)2]. 


all the SOs was present as thaumasite and the remaining CO, as calcite; 
on this basis the analysis and specific gravity were corrected for presence 
of 5% of thaumasite and 1% of calcite (column 4). Atomic cell contents, 
calculated using these data, are given in column 5. They approximate to 
4[Ca4Si;01,H2]. The theoretical specific gravity, corresponding to these 
idealised cell contents, is 2.74. 


DEHYDRATION 


A dehydration isobar (Fig. 6, curve A) was kindly determined by Mr. 
J. W. Howison, B.Sc., using a silica-spring balance. A slow stream of air 
was passed through the apparatus, after adjustment to 6 mm. humidity 
and passage over caustic soda and soda-lime to remove carbon dioxide. 
Constant weight was attained at each temperature before proceeding 
to the next. 

The ignited residue from this experiment contained 1.1% SO3, in- 
dicating that the particular sample used contained about 8% of thau- 
masite. The presence of 1% of calcite was assumed from the analysis. By 
analogy with the behaviour on dehydration of the related mineral ettring- 
ite (Jones, 1938) it was assumed that water from the thaumasite (3.3%) 
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accounted for all the loss below 600° and for part of the loss above 600°. 
It was also assumed that the loss above 600° included the CO, both from 
the thaumasite (0.5%) and the calcite (0.4%). A corrected curve was 
thus obtained for the foshagite and was normalised to 100% foshagite 
(Fig. 6, curve B). It shows 3.5% of water, lost mainly within the range 
650-750°. The discrepancy from the theoretical value of 4.3% is prob- 


N 


Loss (%), 
oO 


5 
4 
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. O° 200° 400° 600° 800° 
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Fic. 6. Curve A. A dehydration isobar for foshagite. Curve B. The dehydration isobar 
of curve A, after correcting for 8% of thaumasite and 1% of calcite. 


ably not significant in view of the assumptions made and the large effect 
of any small error in the SO; determination. G 
Difficulty was encountered in obtaining steady values with the silica- 
spring balance at 450—600°, and this part of the experimental curve must 
be considered uncertain. The effect appears due to some aspect of the 
behaviour of thaumasite on dehydration and has not been further in- 
vestigated. . we 
An x-ray powder pattern of a specimen of the foshagite after heating 
at 600° showed no change, thus confirming that the water loss below this 
temperature is probably attributable to the thaumasite. After heating at 
800°, the material is still fibrous. X-ray examination of these fibres ne 
firmed Heller’s view (1952) that they were composed of B-CaSiOs an 
B-CazSiOu, with the b-axes in each case parallel to the fibre direction. The 
B-CaSiO3 was more easily recognized than the B-CaSiOu.. No geet: 
was found of a CaO-like powder pattern in crystals heated at 550 hee 
reported in one instance by Heller. It oe ile that this effect also 
been caused by presence of thaumasite. 
ee eae raphe (Fig. 7) of the product obtained by heating at 
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Fic. 7. An electron micrograph of foshagite fibres after heating at 800°. They have 
split lengthwise into much narrower fibres, and have a fluffy appearance. 


800° confirmed that it was a pseudomorph of the foshagite. The fibres 
had a fluffy appearance and were split lengthwise into much narrower 
fibres. Electron-diffraction patterns of many of these fibres were those of 
single crystals (Fig. 8). The spacings and Laue zone radii of the strong 
reflections indicated a C-centred orthorhombic or monoclinic pseudo-cell 
with a 15.40, b 3.65, c 6.95 A, 7 90°, elongation 6, cleavage (001). The hk0 
reflections were strong for s=6n where & was even and for h=(6n+3) 
where k was odd. These strong reflections form a distorted hexagonal 
pattern corresponding to an a-axis of about 3.4 A. These data agree with 
B-CaSiO; (Table 3). This name will be used indiscriminately for wollas- 
tonite and parawollastonite, which have identical pseudo-cells, where it is 
undesirable to distinguish the two. Weak odd layer-lines are present in 
Fig. 8 corresponding to a doubling of 6. The positions of the spots on 
these layers indicated a mixture of wollastonite and parawollastonite. 
There was no direct evidence of B-CazSiOu. 


Fic. 8. An electron-diffraction pattern from a foshagite fibre after heating at 800°. The 
parameters correspond to 6-CaSiO; lying on (001). The c-axis is at a small angle to the 
electron beam, so that the zero- and first-order Laue zones can be seen. 
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TABLE 3. PARAMETERS, ATOMIC CONTENTS, AND VOLUMES OF THE PsEUDO-CELLS OF 
FOSHAGITE AND B-CaSiO; AND OF THE Unit-CELL oF B-Ca2SiO,* 


Parameters Foshagite B-CaSiO; B-CaeSiO,x 
a 10.32 A 15 2352K c 9.28 A 
b 3.68 3.64 b 6.76 
Cc 7.04 7.03 a 5.48 
B 106°24’ 95°24’ 94°33! 
a=y 90° 90° 90° 
Atomic contents. Ca4Si3;09(OH)> CagSigOrs CasSisOi6 
Volume (A) 256 390 342 
Volume containing 24 Catt (A3).+ 1536 1560 1026 
% change in volume per 24 Ca**. — +1.6 — 33.2 


* Data for B-CaS!O; are from Jeffery (1953). Data for B-CazSiO, are from Midgley 
(1952). 

} z.e., volume of six pseudo-cells for foshagite, four pseudo-cells for B-CaSiO;, and of 
three unit-cells for B-CasSiOu. 


Assuming that the fibres of the dehydrated material are pseudomorphs 
of the original crystals, the electron-diffraction pattern confirms that 
‘the foshagite b-direction becomes the 6-direction of the 8-CaSiO3. It 
shows also that the (001) plane of the foshagite becomes, at least ap- 
proximately, (001) for the 8-CaSiO; pseudo-cell. 


SYNTHESIS 


Synthesis of foshagite was confirmed by treating synthetic rankinite 
(Ca,SizO7) with supercritical water at 500° and about 400 atmospheres 
pressure for 14 days. Apart from some unchanged rankinite, the product 
consisted mainly of foshagite, which was identified by its a-ray powder 
pattern. The experiment was originally done in an attempt to confirm 
Flint, McMurdie and Wells’ (1938) observation that a different poly- 
morph of CasSizO; was formed under these conditions. No product cor- 
responding to their description was detected. 


DISCUSSION 


Composition and ionic formula 


The present results confirm the status of foshagite as a distinct mineral 
species, and indicate the composition 4CaO-3Si02:H,O. The CaO: SiO» 
ratio 4:3 is also supported by Newman’s analysis and it seems certain 
that Eakle’s value of 5:3 is too high. It appears likely that both the 
earlier analyses, like the present one, were made on material containing 
thaumasite. Exact interpretation of these analyses is difficult because in 
neither case was SO; determined. It is possible to explain Newman’s 
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analysis on the assumption that thaumasite and calcite were present as 
impurities. The high lime content reported by Eakle cannot be explained 
in this way; it could possibly have been caused by presence of hillebrand- 
ite, which is intergrown with foshagite in parts of the Crestmore speci- 
men, and is hard to distinguish from it by optical methods. The high 
water contents reported in the earlier analyses could also be attributed to 
presence of thaumasite. It is significant that synthetic preparations show 
lower water contents in better agreement with the formula 4CaO: 3Si02- 
H.O; Flint, McMurdie and Wells reported an ignition loss of 5.7% and 
Jander and Franke considered their product to be 3CaO-2Si02: H20. 

Several lines of evidence suggest the ionic formula Ca4(SiO3)a(OH)». 
The material is markedly fibrous, and this could be explained by the 
presence of metasilicate chains of empirical composition SiO3;~~. The 
number (12) of SiO; units in the cell is consistent with the hypothesis 
that it contains four such chains, kinked as in other calcium silicate 
minerals such as tobermorite (Megaw and Kelsey, 1956) and wollastonite 
(Buerger, 1956) so as to give a repeat unit of three linked tetrahedra in 
the space of the 7.3 A fibre repeat distance. The ordered transformation 
at about 700° of part of the material into B-CaSi0O; fits in with this view. 
Presence of hydroxy] ions not directly linked to silicon appears consistent 
with the conditions of formation and of dehydration. Those calcium 
silicates which are known to contain hydrogen in the form of water 
molecules or in Si-OH groups, or both, such as afwillite or tobermorite, 
are formed hydrothermally at temperatures usually below 200°. They 
also tend to suffer dehydration at relatively low temperatures, often 
below 500°. In contrast, xonotlite, which also shows the 7.3 A fibre re- 
peat distance and contains hydroxyl groups not attached to silicon 
(Mamedov and Belov, 1955) is formed hydrothermally at temperatures 
up to 400° and is only dehydrated at about 750°. This is similar to the 
behaviour of foshagite. 


Dehydration 
The stoichiometry of the dehydration process is represented by the 
equation 
CasSiz309(OH)2—>2CaSi03+ CaeSiO,+ H20 
Consideration of the respective cell contents (Table 3) shows that twelve 
pseudo-cells of foshagite yield four pseudo-cells of 6-CaSiO; and three 
unit-cells of 6-Ca2SiO,. Assuming tentatively that equal numbers of 
foshagite pseudo-cells are altered to 6B-CaSiO; and to B-CasSiOuy, the proc- 
ess could be represented 
6[CaSi0uH2] (1) 4[CasSicQis] (ID) 
6(Si + O)|5 + 12H:0 
+ 6[CasSis09(0H).] (IIT)  +3[CasSiOis] (IV) 
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Formula I represents six pseudo-cells of foshagite which are converted 
into four pseudo-cells of B-CaSiO; (II), and formula III represents six 
pseudo-cells of foshagite which are converted into three unit cells of 
B-Ca2SiOg (IV). For this to occur, six silicon and six oxygen atoms must 
be transferred from III to I, as indicated by the arrow, and twelve mole- 
cules of water formed by combination of hydrogen from I with hydroxyl 
from III. Such a conversion of foshagite into B-CaSiO, would entail 
negligible change in volume, but the corresponding conversion of fo- 
shagite into B-Ca2SiO, would cause a 33% decrease in volume (Table o) 
The absence of shrinkage in the 6-CaSiO; would permit some retention 
of coherence and therefore of orientation, while the considerable shrink- 
age in the 6-CapSiO, might cause splitting into very narrow fibres with 
enough free space to allow random orientation around the fibre axis. 
The free space might be increased by pressure of escaping steam. Random 
orientation and small crystal size could explain the failure of electron- 
diffraction to reveal the 8-Ca:SiO,. This mechanism would thus explain 
the experimental findings on the orientations of the products, and is 
therefore probably correct. 

The proposed dehydration mechanism would entail acceptance of 
silicon and oxygen atoms by the foshagite converted into B-CaSiO;, but 
no change in the number of calcium ions. It resembles that of xonotlite 
(Dent and Taylor, 1956), although it is more complex. Xonotlite is de- 
hydrated to B-CaSiO3 at about 750°, and the process seems to involve the 
breaking of Si-O rather than Ca-O bonds. This suggests that the Ca-O 
skeleton in foshagite may be closely similar to that in wollastonite. There 
may also be a more distant structural similarity to B-Ca2SiOs. 


Structure 


The detailed structure remains to be determined but the present re- 
sults give some strong indications. As already stated, there is evidence 
that the unit-cell is traversed in the b-direction by four metasilicate 
chains kinked similarly to those in wollastonite, and that the calcium- 
oxygen skeletons of the two minerals may be very similar. This is sup- 
ported by other evidence: ' 

(i) In the electron-diffraction patterns both of foshagite and of - 
CaSiOs, the strongest #0 reflections fall on distorted hexagonal nets 
similar to that of calcium hydroxide. In B-CaSiOs, this is attributable to 
the arrangement of the relatively heavy calcium ions, which in (001) 
projection closely resembles that of calcium hydroxide. A similar ar- 
rangement may therefore occur in foshagite. 

(ii) If only calcium ions are considered, and slight movements of some 
calcium ions are allowed, B-CaSiO; can be described in terms of a pseudo- 
cell almost identical with that of foshagite (Fig. 9), with the (100) planes 
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common to both pseudo-cells. This relation between the pseudo-cells 
is consistent with the dehydration evidence and appears too marked to be 
explained by coincidence. It is therefore suggested that the four calcium 
ions in the pseudo-cell of foshagite are approximately in the positions 
shown in Fig. 9. This could be compatible with any of the possible space 


Fic. 9. Nine pseudo-cells of 8-CaSiO;, looking down the b-axis. 

The black and large open circles represent calcium ions at heights 0 and 3 in the pseudo- 
cell respectively, and the double triangles represent projections of the metasilicate chains. 
The thick broken lines show the probable outlines of foshagite pseudo-cells before dehy- 
dration, with the calcium ions occupying slightly different positions, Three pseudo-cells 
of foshagite could accept one silicon and one oxygen atom each and change into two pseudo- 
cells of B-CaSiO; with negligible volume change, and preservation of the b- and c-axes. An 
equal number of adjacent foshagite pseudo-cells could donate silicon and oxygen atoms, 
and change into B-Ca2SiO, with considerable shrinkage, causing disintegration into very 
narrow fibres with random orientation round the fibre axis. 


groups (P2, Pm, or P2/m). The presence evidence is inadequate to locate 
the metasilicate chains or the hydroxyl groups, though both are probably 
placed symmetrically relative to two-fold axes. Further work is in prog- 
ress to complete the structure determination. 

A structure of the type suggested would explain the extreme weakness 
and streaking of reflections with true k odd. The weakness is partly ex- 
plained by the fact that the pattern of calcium ions repeats at intervals 
of 6/2 along the fibre direction. Random displacements of 6/2 in the 
placing of the metasilicate chains would enhance the effect and also 
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cause the streaking. This effect is observed with xonotlite (Mamedov 
and Belov, 1955) and with other fibrous calcium silicates. 
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SIMPLOTITE, A NEW QUADRIVALENT VANADIUM 
MINERAL FROM THE COLORADO PLATEAU* 


M. E. Toompson, C. H. Roacu, AND Ropert Meyrowitz U.S. Geolog- 
ical Survey, Washington 25, D.C. 


ABSTRACT 


Simplotite, CaViO9-5H20, is a new calcium tetravanadite that has been found in five 
vanadium-uranium mines on the Colorado Plateau. It occurs as dark-green micaceous 
plates and as hemispherical aggregates of plates, coating fracture surfaces in sandstone 
impregnated by relatively unoxidized vanadium and uranium minerals. Simplotite repre- 
sents an early stage in the oxidation sequence of the vanadium ore. It is associated with 
duttonite, melanovanadite, abundant crystals of hexagonal native selenium, and an unde- 
scribed vanadium oxide. 

Simplotite is biaxial negative, 2V about 25°, dispersion r>v, weak and crossed, 
a=1.705+0.002, 8=1.767 +0.002, y=1.769+0.002. X=b yellow, Y green, Z/)\c~—58° 
green. The measured specific gravity is 2.64+0.002. 

A chemical analysis of material from the Peanut mine showed, in per cent: CaO, 11.6; 
V20;, 67.7; V2O;, 0.5; H2O, 18.4; insoluble, 0.5; total, 98.7. 

Simplotite is monoclinic, pseudotetragonal; the space group is A2/m(Co,*), Am(C;*) or 
A2(Cx8); a=8.39+0.03 A, b=17.02+0.05 A, c=8.3740.03 A, B=90°25'+5’; azbic 
=0.4929:1:0.4918; cell contents 4[CaVsO9-5H2O]; calculated specific gravity 2.65. 

The new mineral is named for J. R. Simplot of the J. R. Simplot Mining Company of 
Boise, Idaho, former owner of the Peanut mine. 


INTRODUCTION AND ACKNOWLEDGMENTS 


Simplotite was first recognized in a sample from the Sundown Claim, 
San Miguel County, Colo. The sample was submitted by L. B. Riley to 
A. D. Weeks (both of the U. S. Geological Survey) for identification in 
1952. The mineral was recognized to be new, but there was only enough 
for determination of optical properties, x-ray powder patterns, and quali- 
tative spectrographic analysis. 

Early in 1954, simplotite was found in the Peanut mine, Montrose 
County, Colo., by C. H. Roach, who was making an intensive study of 
the mineralogy, geology, and geochemistry of the deposit. This study 
included detailed sampling of the ore and made possible the collection 
of enough material for determination of the physical properties and chem- 
ical composition of the new mineral. A preliminary description of sim- 
plotite was published in Science (Thompson, Roach, and Meyrowitz, 
1956a). 

Simplotite has since been found in three other mines: the Shattuck- 
Denn lease on Club Mesa, Montrose County, Colo., by C. A. Rasor of 
the U. S. Atomic Energy Commission; the J. J. mine in Paradox Valley, 
Montrose County, Colo., by D. P. Elston of the U. S. Geological Survey; 


* Publication authorized by the Director, U. S$. Geological Survey. 
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and the Vanadium Queen mine at La Sal Creek, San Juan County, Utah, 
by W. D. Carter of the U. S. Geological Survey. 

The study of the mineralogy of these samples was made as a part of 
the U. S. Geological Survey’s program on behalf of the Division of Raw 
Materials of the U. S. Atomic Energy Commission. 

Simplotite is named for J. R. Simplot of the J. R. Simplot Mining 
Company of Boise, Idaho, former owner of the Peanut mine. Mr. Simplot 
graciously permitted the detailed mine study which resulted in the find- 
ing of enough of the mineral for this description. 


OCCURRENCE 


The five mines in which simplotite has been found are all in vanadium- 
uranium ore deposits in the Salt Wash sandstone member of the Morrison 
formation of Late Jurassic age. The locations of these mines are shown on 
the index map, Fig. 1. 

The most detailed study of the occurrence of simplotite was made at 
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Fic. 1, Index map of parts of Colorado and Utah showing the localities of simplotite. 


the Peanut mine (C. H. Roach and M. E. Thompson, written communi- 
cation, 1955), which is very near the axis of the Dry Creek Basin syncline 
between the Paradox. Valley and Gypsum Valley salt anticlines (Cater, 
1954). The vanadium-uranium ore bodies occur in the upper ore-bearing 
sandstone of the Salt Wash member. Ore bodies are localized along the 
flanks of a buried channel by crossbedding structures known as festoon 
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cross-lamination (Knight, 1930). The main festoon surfaces are relatively 
impermeable and have caused the formation of perched water tables. 
Water saturates most of the ore bodies and oxidation of the ore minerals 
is related to a slowly falling water level. 

Simplotite in samples from all five mines occurs as micaceous plates 
and as hemispherical aggregates of radiating books of platy crystals. 
It coats fracture surfaces in vanadium-uranium ore-bearing sandstone. 
The primary ore minerals impregnating the sandstone and replacing 
coalified wood in the sandstone are montroseite, vanadiferous silicates, 
uraninite, and coffinite. Montroseite, VO(OH), oxidizes readily to para- 
montroseite, VO» (Evans and Mrose, 1955). Studies of polished sections 
of samples of fractured ore-bearing sandstone from the Peanut mine 
show that paramontroseite near the fracture surfaces grades into a thin 
massive coating of an undescribed vanadium oxide on which crystals of 
simplotite, duttonite—VO(OH)2—(Thompson, Roach, and Meyrowitz, 
1956b), melanovanadite, and hexagonal native selenium formed later. 

The original sample of simplotite from the Sundown Claim has re- 
cently been re-examined by A. D. Weeks, who reports that the simplotite 
occurs coating a joint surface of dark sandstone ore with duttonite and 
native selenium. This marks a second occurrence of duttonite which has 
previously been recognized only from the Peanut mine. 


PHYSICAL AND OPTICAL PROPERTIES 


Simplotite is monoclinic, pseudotetragonal. It has a platy habit and a 
micaceous cleavage on {010}. Aggregates of simplotite are black or 
greenish black, but thin flakes of the mineral are yellow green. The color 
of the powdered mineral is brownish black. In color and habit simplotite 
is very much like sincosite, CaV2P2019:5H2O, which is structurally re- 
lated to simplotite. 

Simplotite has a vitreous luster. The hardness is about 1, probably 
because of the very easy cleavage. The specific gravity, measured by 
immersing a few grains in a mixture of bromoform and acetone, is 2.64 
0102. 

In immersion simplotite appears as nearly square plates on {010}, 
commonly with two opposite corners (101) truncated at about 45°. It is 
biaxial negative, 2V about 25°, dispersion r>v, weak and crossed. The 
optical orientation, pleochroism, and indices of refraction are as follows: 


Orientation Pleochroism Indices of refraction 
x= yellow a 1.705+0.002 
We green 6B 1.767+0.002 
Z/\c~—58° green y 1.769+0.002 


Mrs. Weeks’ recent re-examination of the original sample of simplotite 
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(from the Sundown Claim, 1952) indicates that the mineral apparently 
dehydrates slowly in a dry atmosphere. The optical properties of the 
Sundown material, measured in 1952, gave data close to that obtained 
from the more recently collected material, but in June 1956 the Sundown 
sample had somewhat higher indices: @ (calculated from B, y, and 2V) is 
1.730+0.005, 8 1.781+0.003, y 1.807+0.003, and 2V measured on a 
universal stage is 40°. 


CHEMICAL ANALYSIS 


About 150 mg. of simplotite was handpicked from samples collected 
from the Peanut mine for the chemical analysis. A semiquantitative 
spectrographic analysis of this material was made by C. S. Annell of the 
U.S. Geological Survey and showed that Si was the only impurity pres- 
ent in amount over 0.1 per cent. The complete analysis is given in Table 1. 

The chemical analysis was made by Robert Meyrowitz; the results, 
which yield the formula CaV4O 9:5H2O, are shown in Table 2. The 
H,O(—) content is equivalent to four of the five water molecules. 


TABLE 1. SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSIS OF SIMPLOTITE FROM 
THE PEANUT MINE 


C. S. Annell, analyst 


Per cent Elements 
Over 10 Vv 
5-10 — 
1-5 Ca 
0.5-1 — 
0.1-0.5 Si 
0.05-0.1 \] 
0.01-0.05 Fe Mg 
0.005—-0.01 Sra 
0.001—0 .005 Mo Cr Ba Sc 


A sample weighting 36 mg. was used for the determinations of H20( —), 
silica plus insoluble, CaO, and total vanadium. The sample was dried to 
constant weight at 110°+5° C., and silica and insoluble were separated 
by dehydration ina nitric acid solution. The CaO was determined as the 
sulfate after separation as the oxalate from the filtrate resulting from 
the separation of the silica and insoluble. Total vanadium was determined 
spectrophotometrically using the hydrogen peroxide precedure on an 
aliquot of the filtrate from the CaO determination after the oxalate had 
been destroyed by boiling with nitric acid. . 

The V2.0, was determined by dissolving 15 mg. of the mineral in (1+3) 
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TABLE 2. CHEMICAL ANALYSIS OF SIMPLOTITE FROM THE PEANUT MINE 
Robert Meyrowitz, analyst 


: Analysis 

naa e recalculated to CaVs03: 5H20 

simplotite 100 percent! 
CaO 1G 11.8 iil 7 
V20;4 G¥lo7/ 69.0 69.5 
V205 0.5 ORS 
SiO: plus insoluble ORS — — 
H.O(+) 3.9 4.0 3.8 
H.0(—) 14.5 14.7 15.0 

Total 98.7 100.0 100.0 


1 After subtraction of SiO: plus insoluble. 


sulfuric acid and titrating with approximately 0.03 standard potassium 
permanganate, and V.O; was calculated by difference. 

Total water was determined in a sample weighting 17 mg. by use of a 
modified microcombustion train of the type used for the determination 
of carbon and hydrogen in organic compounds. The sample was decom- 
posed by ignition at 900° C. in a stream of oxygen. 


X-Ray DATA 


Because of its very easy micaceous cleavage and relatively large unit 
cell, simplotite does not give very good x-ray diffraction patterns. The 
powder pattern whose d-spacings are given in Table 3 was prepared by 
M. E. Mrose of the U. S. Geological Survey, using a Debye-Scherrer 
camera of radius 114.59 mm. and nickel-filtered copper radiation. To 
make a spindle that would produce a powder pattern with this many 
lines it was necessary to crush the mineral very gently, to make the 
spindle as dense as possible, and to increase the x-ray exposure to about 
20 hours. 

The intensities given for the diffraction lines in Table 3 were measured 
by direct comparison with a set of carefully calibrated intensities reg- 
istered on a strip of film. Such a scale is linear in total x-ray energy and 
not logarithmic as is commonly used. Intensities estimated in terms of 
apparent density of diffraction lines exaggerate the weaker reflections 
and would give the three strongest lines as follows: 


d (A) T (density) 
8.51 10 
3.14 6 


2.62 8 
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TABLE 3. X-Ray Dirrraction DATA AND Unit-CELL CONSTANTS OF SIMPLOTITE 


Indexed on_ monoclinic unit cell: probable space group, 42/m; a=8.39+0.03 A, b 
=17.02+0.05 A, c=8.37+0.03 A, 8=90°25'+5’. CuKa radiation, \=1.5418 A; camera 
diameter 114.6 mm; d(obs.) cutoff 14.0 A. 


hkl eo ) agp) I hkl ee) OO) I 
020 8.51 8.51 100 260 2.35 2.35 3 
O11 51 062 Deak 
120 5.98 340 2.34 
111 5.61 071 pne3 
111 5.58 302 2.33 
031 4.70 4.71 3 302 2.32 
040 4.26 4.26 9 213 Desi 
200 4.19 213 2.29 
002 4.19 162 2.26 2.26 3 
131 4.11 162 2.26 
131 4.09 4.10 3 171 Oe 
140 3.80 171 2.25 
102 3.76 322 Ons 
220 3.76 322 2.24 2.23 1 
022 3.76 053 2.16 2.15 1 
102 “ails 233 2.16 
Pare 3.67 233 2.14 
211 3.65 080 2.13 
122 3.44 351 2.10 2.10 2 
122 3.42 3.42 6 400 2.10 
051 eG all 18 004 2.09 
231 3.13 351 2.09 
231 Sat 153 2.09 
240 2.99 153 2.09 
042 2.98 180 2.06 
202 2.97 262 2.05 2.05 B 
151 2.95 262 2.05 
151 2.95 2.96 3 420 2.04 
202 2.95 271 2.04 
060 2.84 2.84 9 024 2.03 
142 DS 411 2.02 
142 D fei 411 2.02 
222 2.81 1.998 1 
Anes? 5 
222 2.79 : 
013 2.75 1.866 
160 2.69 
320 2.66 1.832 s 
31 2.63 
311 2.62 2.62 25 1.696 1 
113 2.62 ti ; 
113 2.61 ae i 
251 2.52 Os? 5 eee ' 
251 252 oe ‘ 
033 2.50 Ate i 
242 2.44 
1.439 1 
242 2.43 
2 1.342 2 
331 2.41 oo 5 
331 2.40 + 308 , 
133 2.40 1176 , 
133 2.40 Bren: 
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The powder pattern was indexed using the unit-cell constants meas- 
ured by H. T. Evans, Jr., and M. E. Mrose from single crystal «-ray 
precession photographs as follows: 

Monoclinic, space group A2/m(C2*h), Am(C.*) or A2(C2’) 
a=8.39+0.03 A 

D=1/LOZEE OLS G=OOrw sy se 5" 
PSS se 008: 

aib:c=0.4929:1:0.4918 

Cell contents: 4[{CaV4O9- 5H2O}] 

Specific gravity: calc., 2.65; meas., 2.64+0.02 


The pseudotetragonal nature of simplotite is shown clearly by the 
selected area electron diffraction spot pattern (Fig. 2) taken by Malcolm 


Fic. 2. Electron diffraction spot pattern of simplotite representing the a*-c* 
reciprocal net plane superimposed on an aluminum ring pattern. 


Ross of the U. S. Geological Survey. The photograph shows the a* 
reciprocal net and the included B angle. The mount was lightly s ae i 
with aluminum to provide an internal standard for purposes of measure- 
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ment; the aluminum produced the superimposed ring pattern. Measure- 
ments of electron diffraction patterns of simplotite give cell constants in 
good agreement with those determined by x-rays. 

To correlate the optical, morphological, and x-ray orientations, one 
crystal was mounted on a goniometer head and studied with the two 
circle goniometer, polarizing microscope, and Buerger precession camera. 
The results are shown in Fig. 3. The habit of the crystal is square, with 


* 


a 


+18°40' 


Feito! 


Fic. 3. Schematic drawing showing relation between the reciprocal lattice, optical 
orientation, and habit of simplotite. Circles represent reciprocal lattice points with k=0, 
crosses those with k=1. (See Fig. 2.) Sketch shows approximate appearance of the crystal 
on which correlative measurements were made (longest dimension 1 mm.). 


edges parallel to [100] and [001] and beveled by an undetermined prism 
form. Opposite corners are truncated by (101) in some crystals. In both 
the electron diffraction and x-ray precession photographs of the net 
normal to [010] the reflections for which k=O and k=1 are not easily 
distinguished. In Fig. 3, the #=0 reflections are indicated by circles, the 
k=1 reflections by crosses. The patterns show, in the intensity distri- 
bution, a pronounced pseudotetragonal cell of small size inclined to the 
monoclinic axes. The pseudo-cell is body centered with ps =2.6A and 
Cpe = 17A=bm. The pseudotetragonal a-axis is inclined at +18°40’ to 
the monoclinic c-axis. The @ angle and the a and ¢ axial lengths are difh- 
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cult to measure accurately because of the poor quality of the crystals. 
The best key to the absolute orientation of the simplotite lattice, there- 
fore, is through the relation between the pseudotetragonal lattice and 
the optic directions to the true monoclinic lattice. 
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A NEW METHOD FOR ORIENTING ELECTRON MICRO- 
SCOPE REPLICAS APPLIED TO TWINNED QUARTZ 


RoBert V. Rice! anp ALvIN J. CoHEN,? Mellon Institute, 
Pittsburgh, Pennsylvania. 


ABSTRACT 


A technique which allows successive examination of specific areas of relatively rough 
surfaces by optical and then electron microscopy has been developed. The method utilizes 
the focusing action of a meniscus on thin carbon replicas floating on a liquid. The replica 
is positioned on a grid as the liquid is drawn down through a standard glass ball-and- 
socket joint. The method is an improvement over older ones since supporting films are 
not necessary, and therefore maximum resolution is realized. Preliminary studies with 
shadow-transfer replicas of cleavage surfaces of d-/-twinned quartz illustrate the method. 
Very fine striations (lower limit about 35 A) were found within areas known to contain 
d-l-twins. The striations may be growth layers or possibly slip lines. 


INTRODUCTION 


In the course of studies on the morphology of cleavage surfaces of 
several particular types of quartz it was found desirable to relate specific 
areas of electron micrographs (up to about 250,000 X) to structure on the 
surface itself visible to the naked eye. A new method for mounting rep- 
licas oriented on electron microscope grids was devised to accomplish 
this. We present here the method illustrated with some preliminary re- 
sults on the structure of cleaved surfaces of Brazilian amethyst crystals. 

Amethyst is characterized by fine d-l-twinning which extends 
throughout the crystal. At cleavage surfaces and along internal cracks 
ridges or lamella can be resolved with the unaided eye. Optical micros- 
copy of such areas is usually sufficient to resolve some cross striations 
within the larger ridges. Figure 1 (taken with a Leitz “Ultrapak” at 
50) is an optical photomicrograph of the cleavage surface along the 
c-axis of “greened”’ amethyst from Brazil. From a petrographic micro- 
scopical examination it is known that each of the large ridges shown in 
Fig. 1 is either a d- or -member of the alternating twin crystals. After 
heat bleaching, this amethyst appeared green in color. An optical ex- 
amination indicated that a portion or perhaps all of the green color is 
due to another phase oriented between the laminar twins as discussed in 
an earlier paper (Cohen, 1956). . 

When we examined replicas of these surfaces in the electron micro- 
scope, striations as narrow as 100 A or less were observed. The problem 
of relating the microstructure (100 A striations) to the macrostructure 


1 Department of Research in Chemical Physics, Mellon Institute. 
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(100u ridges) was solved by use of the electron microscopical specimen 
mounting device. 

Gay and Anderson (1954) have described a method for mounting serial 
sections on slotted types of electron microscope grids which requires a 
film of ““Formvar” supported by a loop of wire. This works well with sec- 
tions especially when high resolution is not required in subsequent elec- 


Fic. 1. Photomicrograph of cleavage surface of “greened’’ amethyst approximately 
parallel to c axis. Magnification 50. 


tron micrographs. However, the supporting plastic film inevitably de- 
creases the resolution attainable. We found it difficult to position 
replicas by picking them up from the surface of water with the ‘‘Formvar”’ 
covered loop. Various methods for examining identical areas of metallo- 
graphic specimens by light microscopy and then electron microscopy 
have been described (McLauchlan, 1953). Since metallographic speci- 
mens are smooth and flat, these methods are based on placing an electron 
microscope grid in a given position on the film covered specimen and 
subsequently firmly attaching the replica to the grid by a relatively thick 
coat of plastic. Such methods cannot be used with rougher surfaces, 
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and high resolution is usually not attempted. Other methods which also 
protect the replica with thick plastic coalings require that the plastics 
be dissolved at the end of the process (Page, 1956). We have tried such 
techniques and found this last step damaged the replica beyond use more 
often than not. The surface tension of the solvents either breaks the del- 
icate replica or the replica folds and curls while the plastic backing is be- 
ing dissolved. A method described by Booker (1954) utilizes some of the 
principles we have used but his technique which was developed for wet 
stripped replicas requires a rather complicated assembly of apparatus 
and is useful only on rather smooth surfaces where orienting scratches 
can be made. 


METHOD AND APPARATUS 


Replicas of cleavage surfaces were prepared by a shadow-transfer 
technique (Hall, 1953). Platinum wire (0.005 in. diameter) was evapo- 
rated in various amounts from 0.025, 0.030 or 0.035 in. diameter tungsten 
wires bent in the form of a hairpin. A shadow angle of about 3 to 1 was 
usually used. The direction of shadowing was along the major axis of the 
ridges. In the same vacuum (10~4 to 10-> mm. Hg) carbon was evapo- 
rated normal to the specimen surface in the manner of Bradley (1954), 
except that § inch diameter spectroscopically pure carbon rods with one 
rod end squared off and the other sharpened to a fine point were used. 
The platinum and carbon film was immediately removed by slowly lower- 
ing the specimen at a 45° angle into 48% hydrofluoric acid. The replica 
usually floated free in one piece. The film was transferred to HC] (1:1 
v/v) by picking it up on platinum gauze. After a time sufficient to dis- 
solve any fluorides insoluble in HF or HO, the replica was transferred 
in the same manner to de-ionized water. We found the carbon films to be 
exceptionally sturdy and all but the very thinnest would withstand 
several such transfers. 

The replica floating on water was then examined through low power 
(10 to 30%) binocular viewers or an “Ultrapak”’ microscope using re- 
flected surface lighting. The general areas of interest were cut out of the 
large replica into pieces about § inch diameter by simply touching the 
film with the edge of wire mesh. These isolated portions were then trans- 
ferred to the mounting device. 

Figure 2 is a diagram of the apparatus we have used for several years 
to mount replicas and thin sections on electron microscope grids so that 
macrostructures are oriented with respect to grid wires. Distilled water or 
water with a wetting agent fills the syringe, rubber bulb, and ball-and- 
socket joint section as shown. The glass tube is clamped to a ring stand; 
another clamp holds the syringe. A grid is placed on the 100 mesh plat- 
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form held in the vertical position shown. In addition to 200 mesh rectan- 
gular grids, slotted grids such as Sjéstrand and Anderson types* have 
been used. The isolated piece of replica is now transferred to the surface 
of the liquid near the top of the assembly by means of a small appro- 
priately shaped piece of wire mesh held in clamped forceps. The liquid 
is slowly removed from the column by the syringe until the replica is 
either just at the constriction of the joint or slightly below. The action of 
the meniscus during the lowering of the liquid level is that of focusing 
the floating replica to the center of the column. In the absence of wetting 


Outer Section of 
standard ball & 
socket joint 
size 12-5 


cemented 


Rubber Medicine 
Dropper Bulb 


I ml. syringe 


4s Brazing Rod 


Fic. 2. Schematic diagram of replica orienting apparatus. 


agents the apparatus must be thoroughly clean for focusing action to 
occur. The rod holding the grid can be moved vertically and horizontally 
and rotated while further liquid is removed through the syringe. 

The operation is observed through a binocular microscope with a large 
working distance at 10X to 30X. We have used Leitz binocular viewers 
with which many electron microscopes are now equipped. Surface light- 
ing is used to illuminate the replica. Since the replicas are far too thin 
to allow any structure to be seen with transmitted light, no provision is 
made for transmission illumination. It was found helpful to apply black 


* Obtained from E. F. Fullam, Inc., P. O. Box 444, Schenectady 1, N. Y. 
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paint to the inside and outside of the glass ball-and-socket joint; this 
reduces spurious reflections. 

When the replica and grid are properly aligned so that macrostructure 
is oriented with the slots of the grid or with grid wires, the rod is gently 
but quickly pushed up. The replicas stick firmly to the grids and after 
a minute or two of drying the mounted specimen can be stored or ex- 
amined immediately in the electron microscope. Cementing of the grid 
to the copper mesh platform is not necessary or desirable. If the piece of 
replica is cut large enough to span the gap at the ball-and-socket con- 


Fic. 3. Photomicrograph of carbon replica of “greened’”’? amethyst cleavage surface 
mounted on a slotted electron microscope grid. The arrows point to two grid bars. The 
é lati were oriented with respect to the grid slots. Magnification 220. 
bands of striations I 


striction so that edges of the replica are supported by the glass when the 
liquid is withdrawn to slightly below this position, the orientation can be 
accomplished by use of the rod movements alone without Pee BE 
further amounts of water. Photographs through the “Ultrapak or 
binocular viewer serve as a permanent record of the orientation, or 
sketches may be made for reference when the replica 1s examined in the 
electron microscope. . Mie 

Figure 3 is an optical micrograph of a replica of a cleavage surface ) 
‘“oreened” amethyst mounted on a slotted grid so that the majou ger 
are roughly parallel to the slots. The replica dips between some portions 
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of the grid openings, and this prevents the entire area from being il- 
luminated (with the oblique lighting of the Ultrapak), and being in focus. 
This is not, of course, a serious difficulty with the electron microscope. 

With this method no plastic supporting films are necessary provided 
the replica is strong enough to support itself on the grid. Most carbon 
replicas have this strength; the very thinnest films can be mounted on 
400 or 1000 mesh grids to give the carbon more support. We prefer to 
eliminate supporting plastic substrates so that all of the resolution in- 
herent in the replica can be realized. 


RESULTS AND DISCUSSION 


Although the extremely complicated microstructure of amethyst 
quartz evinced by this study cannot as yet be fully explained, it seems 


Fic. 4: Electron micrograph of a carbon replica of ‘“greened’’ amethyst cleavage 
surface. A portion of the thin replica has been folded over itself at the lower left. 


worth while to comment on several features of the electron micrographs 
of cleavage surfaces prepared as described above. Cleavage was usually 
effected by heating the quartz above its transition (a to 8) temperature 
and quenching in air at room temperature. This procedure allows a good 
deal of plastic flow to take place and therefore may complicate the inter- 
pretation of the structure. Some samples were cleaved by percussion to 
see if changes in structure on cleavage surfaces would be obtained. No 
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important differences were noted. The ““greened” amethyst is imported 
by the jewelry trade in the form of chips which are prepared by heating. 
Consequently the samples studied here have a prior history with the 
complications discussed above. 

Figure 4 is an electron micrograph of a replica of the cleavage surface 
of “‘greened’’ amethyst showing very fine striations within bands which 
cross the figure diagonally. Many such striated bands were seen on sur- 
faces cleaved approximately parallel to the c axis of the crystal. The 


1 [ i [ r area of same surface 
Fic. 5, Electron micrograph of a carbon replica of another area of the sé 2 
shown in Fig. 4. 


bands run in the same direction as do the major ridges visible in the light 
microscope such as can be seen in Fig. 1. The bands shown in Fig. 4 
are too narrow to be resolved in the “‘Ultrapak’’ microscope but they 
parallel the larger ridges. Since the presence of optical twinning can be 
shown only by a petrographic microscopical examination (with ees 
low resolution), it is not possible to state whether the bands in Fig. 4 are 
portions of the d- or the /-components of the laminar twins. eer 
Figure 5 is an enlargement of another area with similar bands — on 
striations. Many areas show the cross striations separated by relatively 
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large distances. For example, some of the most prominent cross stria- 
ations along a rather narrow band in the lower center of Fig. 4 are sep- 
arated by as much as 1 y; in other electron micrographs, distances be- 
tween striations approach 10u. In light micrographs such as Fig. 3 the 
cross striations (of very wide bands) that are just resolved, are most 
likely the more prominent striations observed in the electron micrographs. 
At several locations in Fig. 4 the striations cross over to adjacent bands 
but many areas such as in Fig. 5 give no evidence of the linking of 
adjacent bands. Figure 6 is a still greater enlargment of the upper right 
portion of Fig. 5. This electron micrograph shows examples of the very 
fine striations. Two ridges separated by about 35 A are indicated by a 
fork. The ridges appear to be made up of aligned roundish protuberances. 


O-1 At 


Fic. 6. Electron micrograph of a carbon replica of the upper right area of Fig. 5. 


Negatives of several areas similar to Fig. 6 were scanned with a micro- 
densitometer to see if there was any regularity of the striations. None 
was found. 

There are several other features that merit attention. Regular arrays 
of pits are found at the apparent edges of several bands; however a few 
pits are also distributed at random over the surface. Conchoidal frac- 
tures as might be expected were found in the quartz. These fracture 
ridges did not have any fine cross striations. None of the various struc- 
tures seen in these electron micrographs can be definitely assigned to 
the separate phase found by light microscopy. 

A tentative explanation of these cleavage surface structures would be 
that the striations within the bands are growth layers in one of the twins 
comprising the amethyst. An alternate explanation is that these are slip 
lines produced by deformation. Many of the structures seen in Figs. 4, 
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5 and 6 and in other similar electron micrographs cannot as yet be inter- 
preted. Since the replicas are from cleavage surfaces, they may show de- 
formations resulting from cleavage forces. The interplay of these forces 
with the complex twinned structures of the crystal would be complex 
itself and difficult to recognize and discuss. 

Undoubtedly it would be more fruitful to study natural faces of the 
“greened” amethyst but we have been unable to procure such specimens. 
However, further work is contemplated on the 1011 faces of ordinary 
amethyst. 
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CHROME MICA-CLAY, TEMPLE MOUNTAIN, UTAH 


Pau F. Kerr AND P. K. Hamitton, Columbia University, 
New York, N.Y. 


ABSTRACT 


Chrome mica-clay occurs at Temple Mountain, Utah in association with uranium 
mineralization. It contains approximately 0.4 to 0.6 per cent Cr2Os3 and consists of mixed 
2M, and 1M mica polymorphs. These mixed polymorphs differ from the well-crystallized 
single polymorph chrome micas, mariposite and fuchsite. At Placerville, Colorado a similar 
chrome mica-clay contains as much as 20 per cent interlayered expanding lattice material. 
Recorded data on synthesis suggest that a likely source of these chrome mica-clays would 
be hydrothermal chromium-bearing solutions. 


INTRODUCTION 


The rigorous application of «-ray diffraction and allied mineralogical 
techniques to the fine fractions of clays has gained momentum during 
recent years. As a result, somewhat indefinite clay material long ago 
recognized as hydromica (Galpin, 1912) and later described as illite 
(Grim, Bray and Bradley, 1937) is becoming better understood. Grim, 
Bray and Bradley recognized the uncertain nature of this mineral when 
they said that illite ‘‘ . . . is not proposed as a specific mineral name, but 
as a general term for the clay mineral constituent of argillaceous sedi- 
ments belonging to the mica group.” 

The material differs from the other mica minerals in composition, oc- 
currence and origin. Following its introduction, “‘illite’’ became widely 
used as a general term which was applied to the mica clay minerals from 
argillaceous sediments as well as to those from other environments. 
However, as long ago as 1928, Mauguin demonstrated by means of x-ray 
diffraction the existence of polymorphism in the mica group. Shortly 
after the original description of illite, Hendricks and Jefferson (1939) 
identified 7 crystalline modifications (polymorphs) among 100 specimens 
of mica, and in 1949 Axelrod and Grimaldi described a 3-layered mono- 
clinic muscovite polymorph which is dimorphous with the more common 
2-layered muscovite polymorph. Recently, Smith and Yoder (1956) 
published the results of an experimental and theoretical study on the 
structure and relations of the possible mica polymorphs. The simplest 
polymorphs are classed as 1M, 2M,, 2M, 3T, 20 and 6H, but it is noted 
that more complicated types can be developed. Thus, in the investiga- 
tion of the mica-clays, the presence of these various polymorphs must be 
considered. Grim, Bradley and Brown (Brindley, 1951) note that the 
demonstration of polymorphism in the micas shows that the original 
characterization of illite as a derivative of 2M muscovite crystallization 
is not entirely precise. In their investigation of the upper stability limits 
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of muscovite, Yoder and Eugster (1954) synthesized a randomly stacked 
one-layer monoclinic muscovite (1Md illite) and thus demonstrated that 
the 2M structure is not unique to the illites. In 1955 Levinson recognized 
the existence of the 1Md, 1M and 3T mica polymorphs in nature by an 
«-ray diffraction investigation of a number of specimens labeled illite or 
hydrous mica. Yoder and Eugster (1955) conclude that the material 
known as “illite” may be ascribed to polymorphs of muscovite, solid 
solutions close to muscovite or to mixed-layer structures. They sum- 
marized the status of the term “illite” by suggesting that it “... be 
used only as a field term as Grim ef al. originally proposed. When iden- 
tification is made of the material or materials, the polymorph of the mica 
should be specified, and note made of the clay mineral with which it may 
have formed mixed layers.” 

The terms fuchsite and mariposite have been applied to chromium- 
bearing micas as defined on the basis of optical and chemical evidence 
(Kerr, ef al., 1951). The varietal names chromium muscovite and chrom- 
ium phengite were introduced by Whitmore, Berry and Hawley (1946) 
as a better definition of these chromium-bearing micas. Chrome mica- 
clay as it occurs at Temple Mountain, Utah and Placerville, Colorado 
is herein identified as a fine-grained mixture of 2M; and 1M mica poly- 
morphs which may be associated with interlayered expanding material, 
and in which chromium is an essential constituent. It is less well crystal- 
lized than the single polymorph chrome micas. Brindley (1951) uses 
“clay mica” in referring to this type of material. However, ‘‘mica-clay” 
or “‘clay-mica” are applied interchangeably (Levinson, 1955). In this 
investigation and that of Kelley and Kerr (1957) mica-clay is preferred 
since it emphasizes the essentially micaceous nature of the material. 

Recently, Mauguin (1956) reported the results of M. Stangatchi- 
lovitch’s re-examination of ‘‘avalite’” from Mt. Avala, Yugoslavia. He 
concludes that this material, which was originally described by Losa- 
nitsch (1884) as an alumino silicate of chromium and potassium and has 
been placed in the muscovite group or redefined as fuchsite (Ramdohr, 
1948), “‘is neither a particular mineral species nor a fuchsite, but a chrome 
illite with a small amount of kaolin impurity.’ Optical examination of a 
specimen labeled muscovite (avalite), Mt. Avala, Servia from the 
Egleston Collection, Columbia University shows an impure, fine- 
grained green aggregate with indices of refraction which lie within the 
range of Temple Mountain and Placerville chrome mica-clays. It seems 
likely that this material might be redefined in terms of chrome mica 
polymorphs rather than ‘“‘illite.””’ However, a sample sufficiently pure to 
yield an a-ray diffraction pattern free from extraneous lines was not ob- 


tained. 
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OCCURRENCE 


Green chrome mica-clay is believed to be a significant alteration 
product at Temple Mountain, Utah. Field relations suggest precipita- 
tion from ascending solutions carrying chromium as an accompaniment 
of the primary introduction of uranium. The green mineral is localized 
in the vicinity of collapse areas (Kerr, Bodine and Kelley, 1957). More 


“Sugar Loaf” Slumped Rw 


Chrome _mica-clay_ South 
Temple Mountain 


Hiew dt: Chrome mica-clay zone, Temple Mountain, Utah. Mica-clay is distributed in 
and near fractures in a slumped block of Wingate sandstone (Trw). The block rests upon 
differentiated Chinle (Trcu). 


elevated temperatures probably prevailed near these areas than in the 
main uranium mining areas some distance away. 

Surface exposures and drill cores indicate that the mica-clay pene- 
trates strata over a vertical range of 1,200 feet from the upper part of the 
W ingate formation (Triassic) to the Kaibab formation (Permian). A 
vertical exposure of nearly 100 feet occurs on the west side of Temple 
Mountain (Fig. 1), where a collapsed block of Wingate sandstone is 
stained by the green mica-clay. This material is found in drill cores cut 
many hundreds of feet below, and also occurs 2.6 miles west in a collapse 
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near Flattop Mesa. It is abundant on the east slope of South Temple 
Mountain at the base of the Wingate formation, and appears along the 
eastern margin of the Temple Mountain collapse area. At the Eagle’s 
Nest prospect on the north escarpment of North Temple Mountain, 
mica-clay shows the greatest depth of color and highest chromium con- 
tent noted. 

The mica-clay occurs in veinlets along bedding planes and dispersed 
through sediments. Table 1 gives the principal mineral content of these 
chrome mica-clays. They are found close to areas of dolomitization of the 
Wingate sandstone, but apparently not within the dolomite. The 
chromium is an introduced element since the original chromium content 
of the host rock is negligible. For comparison, chrome mica-clay from 
Placerville, Colorado—another Plateau uranium locality (Kerr, Rasor 


TABLE 1. MINERAL CONTENT OF CHROME Mrca-CLays 


Eagle’s Nest Incline No. 1 
2Mi>1M mica 2M,—1M mica 
quartz quartz 
calcite feldspar 
kaolinite jarosite 

kaolinite 

Drill Hole V-7 Placerville 
2M, mica 2M, >1M-+montmorillonite 
quartz quartz 
apatite pyrite 
calcite 
pyrite 


and Hamilton, 1951)—has been restudied. In their study of chrome micas 
from various localities, Whitmore ed al (1946)conclude that most of the 
constituents and particularly the chromium, had their origin in solutions 
derived from some magmatic source. The occurrence of chrome-illite 
(“avalite”) reported by Mauguin (1956) is of interest. This material is 
present in dolomitic and quartzitic masses in the Mount Avala chromite- 
bearing serpentine. It is ascribed to hydrothermal action associated with 
the Tertiary andesitic eruptions which were responsible for the alumina 
in the mica as well as the alteration of chromite to free the chromium. 

It is interesting that at the Mi Vida uranium mine in San Juan county, 
Utah, Gross (1956) notes the occurrence of a vanadium clay as the prin- 
cipal cementing material of the ore samples. The material is described 
as “‘a probable mixed-layer montmorillonite-hydromica with substitution 
of vanadium in one or both lattices.’ The possible relation of this material 
to the chrome mica-clay is worthy of further investigation. 
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X-Ray DIFFRACTION 


The x-ray diffraction spacings for 1M and 2M, mariposite (Heinrich 
and Levinson, 1955) are given in Table 2 for comparison with the Temple 
Mountain and Placerville chrome-bearing materials. These reflections 
especially of the polymorphs, are sharp and well defined in contrast to 
the weak, diffuse and asymmetric lines of Temple Mountain mixed 
polymorphs. The 2.696 A, 1M reflection which is missing from the mari- 
posite used for comparison, does appear in the Placerville mica-clay. 

The separation of the mica-clay fraction for x-ray diffraction study 
was made by collecting material which remained in suspension in dis- 
tilled water for six to eight hours. X-ray patterns were obtained with a 
Philips diffraction outfit and chemical data with an x-ray spectrographic 
unit. The intensities (Table 2) were recalculated proportional to 10 for 
the most intense 10.0 A reflection. Reflections due to impurities are 
omitted unless they mask or interfere with mica reflections as indicated. 
The principal polymorph shown by these patterns is based upon the 
presence and relative intensity of characteristic reflections (Yoder and 
Eugster, 1955). Three polymorph forms appear which are described as 
2M,>1M, 2M,—1M. In addition, 2M,;>1M-+montmorillonite is found. 
On the basis of the «-ray diffraction data given by Mauguin (1956), this 
chrome illite does not appear to correlate with any of the polymorphs. 


Drill Hole V-7 


The x-ray difffraction pattern (Table 2) indicates essentially a 2M, 
polymorph, although the reflections are somewhat diffuse and weak 
compared with the better crystallized 2M, reference mariposite. The 
minor development of the 1M polymorph is indicated by the asymmetric 
3.72 A line. It is significant that after leaching with dilute HNO; (in 
order to remove apatite) this line increases in intensity and shifts to 
3.705 A, an approach to the 3.6 A-1M spacing. However, this may also 
be caused by the breakdown of the 2M, to 1M polymorph by acid action 
as the 3.88 A and 2.48 2M, spacings disappear. These particular poly- 
morph reflections seem generally weak or missing in the Temple Moun- 
tain chrome mica-clays, and the definition of this 3.705 A reflection may 
result from purification. The 2.838 A—2M, line appears after removal of 
the apatite in addition to the following mica Jiness-2)252 A, <2) 1d ons 
1.970 A, 1.639 A and 1.494 A. The dominance of the 2M; structure is of 
interest since it occurs at depth and represents a more stable type formed 
at higher temperatures. 


Apatite, quartz and gypsum are fine grained impurities. The gypsum 


was removed during washing, but apatite is intimately associated and 


has approximately the same particle size. Hence, it persists unless it 1s 
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leached out by acid. Before leaching, aggregate fragments which are 
approximately 100 microns in diameter removed from thin section yield 
persistent apatite and mica-clay reflections with the x-ray micro-camera. 
The apatite particles yield sharp, well defined reflections compared with 
those from chrome mica-clay of corresponding size. Thus the diffuseness 
of the mica-clay is an inherent reflection feature and not due entirely to 
small particle size. 


Eagle’s Nest 

The x-ray diffraction pattern of this material shows contamination by 
gypsum, calcite and kaolinite. The lines of these impurities are well de- 
fined compared with the more diffuse mica-clay lines. The mica-clay 
consists of mixed 2M;>1M polymorphs. The 3.608 A and 3.066 A-1M 
spacings are equally developed and distinct although definitely weaker 
than the 3.501 A and 3.241 A—2M; reflections. Since the 3.8 A—2M, 
line is missing and the 3.767 A—2M;j line is weak (although enhanced by 
a gypsum reflection), this mixture is believed to contain significant 1M 
mica-clay. However, it is less abundant than the 2M, polymorph. 

It is significant that this material which shows the highest chromium 
content (3 per cent) among the chrome mica-clays at Temple Mountain 
also has a relatively prominent 1M structure. This may reflect the most 
intense hydrothermal activity, although not necessarily the highest tem- 
perature of formation, as presumably the 1M polymorph would be less 
prominent. 


Incline No. 1 


Quartz, jarosite and feldspar are impurities which interfere with some 
of the mica-clay reflections. The presence of feldspar explains the inten- 
sity of the 3.249 A spacing which is considerably more intense than would 
be expected from the 2M, mica reflection only. Since the 3.631 A and 
3.076 A 1M spacings have the same intensity as the 3.736 A and 3.517 A 
2M; reflections, the material is interpreted as a more or less equal mix- 
ture of 2M, and 1M polymorphs. 

The chrome-bearing micaceous clays from Temple Mountain, therefore, 
are essentially mixed 2M, and 1M polymorphs which show a slight range 
in proportions. Diamond drill hole V-7 from deep in the collapse shows the 
best development of the 2M; polymorph, whereas Incline No. 1 and the 
Eagle’s Nest have more 1M. It is also noted that V-7 shows a much 
stronger tendency to orient when settled from suspension than do the 
other specimens which contain more of the mixed 1M polymorph. On 
the other hand, this orientation may result from more rapid settling of 
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the larger and better crystallized 2M, fraction, whereas the finer, possibly 
1M particles, remained in suspension. 


Placerville, Colorado 


A re-examination of the Placerville, Colorado chrome-bearing mica- 
clay has been made in view of its similarity with the Temple Mountain 
occurrence. On the basis of chromium content and optical properties, 
this material was called fuchsite (Kerr ed al., 1951). However, recently 
purified material gives an x-ray diffractometer pattern (Table 2, p. 12) 
which shows the presence of interlayered montmorillonite. The asym- 
metric (001) reflection has two distinct peaks (10.39 A and 9.91A). 
After orientation and glycolation the 10.39 A peak shifts to 11.62 A, and 
the 9.91 A remains in the same position. The 3.336 A peak increases in 
intensity after glycolation which indicates that the (005) spacing of the 
expanded layers has moved closer to the (003) reflection of the 10 A 
layers. This may signify the presence of as much as 20 per cent expanded 
layer material (Weaver, 1956). The pattern also shows 2M,;>1M mixed 
polymorphs and is therefore similar to the material from Eagle’s Nest 
at Temple Mountain except for the relatively large content of associated 
interstratified montmorillonite. The 3.616 A and 3.076 A 1M lines are of 
equal intensity, but weaker than the 2M, reflections. 

McConnell (1953) has described volkonskoite as a chromium mont- 
morillonite from the Morrison formation near Thompson, Utah which 
contains about 2 per cent Cr2O 3. This material is associated with a non- 
chrome mica, whereas at Placerville an interlayered relation exists. It 
appears possible that the expanding material in the interlayer position 
at Placerville also contains chromium. 


Glycolated Temple Mountain Chrome Mica-Clay 


Due to asymmetry the (001) 9.90 A reflection exhibits a steep slope 
on the high angle side and a moderate slope on the low angle side. This 
suggests interlayered montmorillonite. However, oriented specimens 
either heated in an ethylene glycol saturated atmosphere (Brunton, 
1955), or soaked with the liquid, show no expansion toward the low 
angle region, and only a slight tendency toward a more symmetrical peak 
as indicated by a somewhat more gentle slope toward the high angle area. 
This is confirmed by slowly scanning the peak. There is also a slight 
increase in the amplitude of the 3.33 A spacing. If interlayered expanding 
material is present, it amounts to less than 10 per cent (Weaver, 1956). 
Yoder (oral communication) suggests that this lack of expansion with 
ethylene glycol may be explained by the position of this chrome mica- 
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Fic. 2. Electron micrograph of chrome mica-clay from Temple Mountain, Utah. 
Specimen drill hole V-7 shows a particle size distribution which ranges from approximately 
0.1 to 1 micron. 


clay near celadonite in the muscovite, celadonite, pyrophyllite series. It 
is also possible that the association of mixed 2M, and 1M polymorphs 
as well as the variation (approximately 0.1 to 1 micron) in particle size 


as seen in the electron micrograph (Fig. 2) may contribute to the asym- 
metry of this reflection. 


X-RAY SPECTROGRAPH 


Notwithstanding the presence of fine grained impurities, x-ray spectro- 
graphic data yield a fair estimate of the Cr,O3 content. Three reference 
mounts containing 1 per cent, 3 per cent and 5 per cent Cr2O3 mixed 
with SiO. were prepared and scanned with the Norelco x-ray spectro- 
graph. The amplitudes of the Kaand K@ reflections were plotted against 
per cent Cr,O3 and from these the values for the chrome mica-clays were 
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estimated (Table 3). X-ray spectrographic examination of bromoform 
separated fractions indicates that the chromium is concentrated in the 
lighter micaceous fraction rather than in the heavier pyrite-rich ma- 
terial. Iron is also present and varies inversely with chromium. In the 
Drill Hole V-7 specimen (leached with dilute HNO; to remove the apa- 
tite) the Cr.O3 content increases with purification which indicates that 
the chromium is concentrated in the mica-clay. 


TABLE 3. CreO; tn Some Mica-Ciays 


Cr2O3 per cent 


Drill Hole V-7 0.37-0.68 
Drill Hole V-7 (leached) 0.55-0.85 
Incline No. 1 0.55-0.85 
Eagle’s Nest 3.07-3.30 
Placerville 3.40-3 .60 


For comparison, in fuchsite analyses (Whitmore ef al., 1946) Cr:O» 
ranges from 0.27 per cent to 4.81 per cent, whereas in mariposite the 
Cr.O3 ranges between 0 and 0.78 per cent. At Temple Mountain the 1M 
polymorph suggests the higher chromium content since the Eagle’s 
Nest and Incline No. 1 samples contain more chromium than samples 
from Drill Hole V-7 where the 2M, polymorph is more prominent. The 
interlayered expanding material at Placerville is believed to contain 
chromium as well as the associated mica-clay. 


DIFFERENTIAL THERMAL ANALYSIS 


Although the published DTA curves of muscovite differ, they exhibit 
a distinct range at variance with the mica-clays. In his investigation of 
the decomposition of muscovite, Roy (1949) found that there are no 
marked changes up to 940° C., but he structure is destroyed within the 
relatively narrow range between 940° C. and 980° C. However, some vari- 


TABLE 4. ENDOTHERMIC PEAKS OF MUSCOVITE 


Grim and Bradley (Brindley, 1951) 


Coarse grained (10-20 microns) 800-900° C. 
Grim and Rowland (1942) 750-950° C. 
300—400° C. 


Grim (1953) 850° C. and 900° C. 


Grim (1953) 720° C. 
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ation probably is due to the time factor. Grim and Rowland (1942) note 
the variations (Table 4) in the muscovite curves and suggest they may 
be due to grain size, since the coarse flakes permit only a small amount to 
be packed loosely in the specimen holder. Grim and Bradley (Brindley, 
1951) note that a decrease in the particle size of muscovite is accompanied 
by a reduction in the temperature of the start of the endothermic reac- 
tion, and an increase in the interval during which it occurs. 

The typical DTA curve for “‘illite’ (Kerr, Kulp and Hamilton, 1949) 
shows three endothermic reactions. The first corresponds to the loss of 
interlayer water between about 120 and 220° C. Grim (1953) says this 
differs from the well crystallized micas as ‘‘a consequence of fewer inter- 
layer actions, less bond between layers, less uniform orientation of suc- 
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Fic. 3. DTA of chrome mica-clay. In drill hole V-7, the mica-clay is similar to illite with 
a trace of calcite. The Placerville, Colorado, sample represents an assemblage of mica-clay, 
montmorillonite, pyrite and quartz. 


cessive layers and smaller particle size, and/or a difference in composi- 
tion within the silicate layer itself.” 

The second endothermic peak in “‘illite” is sharp and occurs at about 
500° C.-600° C. This is caused by the loss of hydroxyl water. The sharp- 
ness of this reaction compared with that in muscovite is attributed by 
Grim (1953) to differences in particle size. The third endothermic reac- 
tion occurs between about 850° C. and 950° C. and represents the com- 
plete destruction of the lattice. An exothermic reaction frequently is 
present between 900° C. and 1000° C., and reflects the crystallization of 
spinel. 

The DTA of the chrome mica-clay shows some of the characteristics 
of both mica-clay (“‘illite’’) and muscovite. V-7 (Fig. 3) has an adsorbed 
water peak.at about 150° C., which corresponds to the loss of adsorbed 
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water in the mica-clays, and a single endothermic peak at about 600° C., 
which is thought to represent the loss of tiydroxyl lattice water, and is 
also typical of the mica-clays. However, the subsequent endothermic- 
exothermic effects which are present in “‘llite”’ are missing, which is 
more characteristic of muscovite. The endothermic peak at 960° C. is 
probably due to some minor associated calcite. Mauguin (1956) gives 
somewhat similar results for the DTA of “chrome-illite,” namely a well 
defined endothermic peak at 130° C. and another at 570° C. The exo- 
thermic effect reported at 830° C. does not appear in the chrome-micas 
of this investigation, and it is somewhat anomalous for “‘illite,”’ since it 
is low in temperature and not preceded by an endothermic effect. Perhaps 
this is due to an unidentified impurity. 

The DTA curve of the Placerville material distinctly shows the pres- 
ence of the more reactive interlayered montmorillonite. Thus, there are 
double dehydration peaks between 150° C. and 220° C. rather than the 
more usual single reactions in the mica-clays as well as an endothermic 
peak at about 700° C. which corresponds to a similar one in montmoril- 
lonite. This peak is particularly broad since the reaction begins at about 
500° C. and is believed to include or mask that of the associated mica- 
clay. However, the usual higher temperature endothermic-exothermic 
peaks of both “‘illite’’ and montmorillonite are missing in the micas. A 
prominent 470° C. exothermic peak is due to pyrite and the small, sharp 
endothermic peak at about 580° C. superimposed on the broad endo- 
thermic flexure reflects the presence of associated quartz as an impurity. 


OPTICAL PROPERTIES 


The green chrome mica-clay at Temple Mountain occurs in thin vein- 
lets, layers and streaks disseminated through quartz sand. Although it 
imparts a general green or gray-green appearance to the rock, in thin 
section the color is generally tan or pale bluish-green. The darker green 
bands appear to represent 1M mica-clay derived by later, lower tem- 


TABLE 5, OpticAL DATA ON CHROME Mica-CLay 


a B OY Birefringence 2V  Opticsign 

Fagle’s Nest 1553 1.584 1.587 034 f 
V-7 626 feet 1.554 1.585 1.592 -038 ca. 30 - 
Incline No. 1 1.554 1.582 1.589 .035 

i 031 
Placerville 1.559 1.582 1.590 : : : 
Fuchsite (Whitmore, ef al.) 1.5590-1.5695 1.5973-1.6115 .035—.042 se , 
Mariposite (Whitmore, ef al.) 1.56 —1.58 1 -00 -1 a) -033-.040 — : 5 
Illite (Grim, 1953) 1.545 —1.63 1.57 -1.67 .022—.055 sma 
“Avalite”’ 1.554 1.582 1.592 .038 


Muscovite (Rogers and 


5 20_A(jo oe 
Kerr, 1942) 1.556 -1.570 1.587-1.607 1.593 -1.611 .037—.041 30°-40 


46 PAUL F. KERR AND P. K. HAMILTON 


perature chromium-bearing solutions acting on and causing the break- 
down of earlier 2M, mica-clay. Micro-camera «-ray diffraction patterns 
of both tan and pale green materials removed from thin section are 
similar, but the significant polymorph lines may be too weak to register. 
The optical properties given in Table 5 are compared with reference 
material. The indices of refraction of the Temple Mountain samples are 
somewhat lower than those given for fuchsite and mariposite and agree 
more closely with illite (Grim, 1953). The birefringence of the Placerville 
specimen is lower than the birefringence of the Temple Mountain ma- 
terial. This is probably due to the presence of interstratified montmoril- 
lonite. It appears from the specimens examined that the higher chrome 
content of Eagle’s Nest, Incline No. 1 and Placerville correlates with a 
lower birefringence. This may be due either to the presence of the 1M 
polymorph or to interstratified montmorillonite. 


TEMPERATURE CONDITIONS 


Hydrothermal synthesis by Yoder and Eugster (1955) has indicated 
that the transition of 1M to 2M; mica polymorphs occurs between 
200° C. and 350° C, at 15,000 p.s.i. water pressure. Under natural condi- 
tions the effects of catalysts and other variables which include tempera- 
ture, pressure and ion concentration are not known. If the data of 
synthesis are applicable, the presence of the 2M, polymorph at Temple 
Mountain indicates a corresponding temperature of formation. 
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HARDNESS OF SINGLE ICE CRYSTALS 


T. R. Burxovicu, Snow, Ice & Permafrost Research Establishment, 
Corps of Engineers, U. S. Army, 1215 Washington Avenue, 
Wilmette, [llinots. 


ABSTRACT 


Brinell and scratch hardness tests were made on single ice crystals. The results of these 
measurements show that the hardness of single ice crystals increases with decreasing tem- 
perature; the Brinell hardness numbers range from about 4 at —5° C. to 17 at —50° C. 
The greatest increase in the hardness values occurs at the higher temperatures. The tem- 
perature dependence of the scratch hardness was similar to that of Brinell hardness. An 
anisotropism of hardness is evident; the single ice crystal is harder parallel to the c-axis 
than in the direction normal to the c-axis. An apparent difference in surface structure with 
respect to orientation was noticed during the scratch hardness tests. A consistent wavy 
scratch was produced normal to the c-axis, while the scratch parallel to the c-axis was always 
straight. 


INTRODUCTION 


Two methods for determining the hardness of single ice crystals were 
used in the measurements discussed in this paper. One series of tests 
employed the Brinell hardness tester, the other the Microcharacter. 
The Brinell principle involves forcing a hardened steel ball into the 
specimen under a definite pressure. The dimensions of the impression 
thus obtained form the basis for calculating the hardness. With the 
Microcharacter instrument, the hardness of the material tested is a func- 
tion of the width of the microcut made on the test surface as it is moved 
along under a diamond edge which bears down on the surface with a con- 
stant pressure. 

No detailed work on the Brinell hardness and the microhardness of 
ice can be found in the literature except for some rather crude experi- 
ments by Andrews described in Barnes (1928). Moor (1940) and Black- 
welder (1940) conducted experiments on scratch hardness of crystal 
aggregates using the Moh’s scale. 

The work described in this paper was undertaken to determine how the 
hardness of ice varies with temperature, and also to determine whether 
there is appreciable anisotropism with respect to hardness of single ice 
crystals. The single ice crystals used in these tests were originally quite 
large, weighing 2-3 pounds, and were obtained from the Mendenhall 
Glacier near Juneau, Alaska. 


EXPERIMENTAL PROCEDURE 


For measuring Brinell hardness of single ice crystals, an Olsen Baby 
Brinell Hardness Tester was used. This apparatus as delivered by the 
manufacturer was developed primarily for testing soft metal specimens, 
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which could not be satisfactorily tested by applying the standard Brinell 
loads under standard Brinell conditions. It operates on the Brinell 
principle but with light loads and a small ball penetrator. The machine 
comes equipped with a 1/16-inch ball to be used with a load of 12.61 kg. 
The load is applied directly from dead weights to the ball stem. Prelimi- 
nary tests with ice samples showed that this load caused excessive crack- 
ing of the ice, so that the machine had to be modified thus: (1) the 12.61 
kg. load was replaced by a platform on which different weights could be 
placed, and (2) the yg-inch ball was replaced by a hardened 4-inch 
ball. The weight of the ball stem plus platform was 570 g., which was 
added to the weights placed on the platform to give the total load applied. 

The speed of loading, that is, the speed with which the indentor and 
the specimen approach each other immediately prior to contact, is quite 
important in order to get satisfactory and consistent readings. Bergsman 
(1948) states that the loading speed should be kept as constant as pos- 
sible, and should be given with the hardness number. Therefore, the 
hardness tester was equipped with a 1800 rpm synchronous motor with 
suitable gear reductions to provide a loading speed of about 9 mm. per 
minute. 

The test blocks of ice were cut from large single ice crystals into rec- 
tangular plates of approximately 7X4X1 cm, oriented so that the c-axis 
lay parallel to the large face of one plate and normal to the large face of 
the other. The ice plates were machined plane parallel, polished to a 
mirror finish on a piece of fine silk stretched across a hard surface, and 
mounted on a piece of plate glass by heating the glass and allowing the 
sample to melt slightly and then refreeze onto the glass. 

After a series of indentations were made, one of the most obvious physical 
processes was the piling up of the material around the edge of the imprint. 
Since this would make the diameter of the penetration appear larger 
than it actually was, this ridge was polished off on silk before the diame- 
ter was measured. 

All measurements of diameter were made with a filar micrometer 
mounted on a microscope with a 32 mm. objective. Temperature meas- 
urements were made with a copper-constantan thermocouple placed on 
the surface of the ice within a few millimeters of the ball penetrator. 
Temperature varied up to 0.25° C. in any one series of measurements. 

Williams (1942) in his book on hardness measurement states that com- 
parative Brinell hardness numbers should be used only as determined 
by a special table of numbers furnished with the machine. However, 
since the machine was modified for the purposes already stated, Brinell 
hardness numbers were computed from the standard Brinell formula: 

K —= 
~ eD/2(D — VD? - @) 


H 
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where 


H is the Brinell hardness number 

K is the applied load in kilograms 

D is the diameter of steel ball in mm. 

d_ is the diameter of the impression in mm. 


All the tests were conducted in cold rooms in which any temperature 
down to —55° C. could be obtained. The actual temperatures were 
chosen arbitrarily, and enough points were obtained to be able to plot 
the curves shown in the data section. 

The Microcharacter, manufactured by the Spencer Lens Company, 
was used to determine the microhardness of single ice crystals. A 9 g. 
weight was used during this series of tests. The formula developed for 
the instrument is: 


Atl OSaae : 
= Tae with the 9 g. weight 


where 


k is the microhardness number 
\ is the width of the cut in microns 
4X10? is an arbitrary number. 


The width of the microcut is given in microns and is measured with a 
filar micrometer eye-piece of the microscope. 

Because the microcuts were made at temperatures as low as —50° and 
it was necessary to measure the width of the line at a higher temperature 
(—5° C.), there was considerable fogging due to condenstation on the 
ice specimens. This condensed vapor quickly obliterated the lines, 
making it impossible to measure them. Consequently, the following 
method was developed. The specimen was coated with liquid polystyrene, 
which was allowed to harden and then peeled off. The exact replicas of 
the microcuts were thus impressed on the coating. These replicas were 
then measured for the results obtained. 


DATA 


Because of the necessity of modifying the Baby Brinell Hardness 
Tester as described in the previous section, it was necessary to verify 
that the hardness values obtained, as calculated from the standard 
Brinell formula, are independent of ball diameter and load. The hardness 
values, within the limits of accuracy of the apparatus, are nearly identical 
for the ;’g-inch ball and the ¢-inch ball. A slight general difference in 
hardness is probably due to the fact that the average temperature was 


0.5° C. higher during the time the measurements were made with the 
g-inch ball. 
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Different loads were tried to determine how small a load was necessary 
to prevent cracking. It was found that a 2 kg. load placed on the platform 
could be used through the temperature range for the penetrations parallel 
to the c-axis, while it was necessary to reduce the load to 1 kg. for pene- 
tration normal to the c-axis at temperatures above — 20° C. Tests were 
run to check the independence of calculated Brinell hardness values in 
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Fic. 1. Brinell hardness of single ice crystals vs. temperature. Twelve second applica- 
tion of load. (Above) Normal to c-axis. (Below) Parallel to c-axis. 


relation to the load. This showed that the hardness is independent of the 
load within the limit of accuracy of the apparatus used. e 
After these preliminary tests were completed experiments were carrie 
out over a temperature range of tn DO wes With 10 Bhd icE = 
each of six temperatures; and for times of full load ee ee 0) es 
10, 15, and 30 seconds. The load was applied manually. Ana ye _ c 
data obtained showed that the hardness 1s anisotropic In the two direc- 
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tions, parallel and normal to the c-axis. The spread of hardness values 
was greatest at one-second application of load, as could be expected 
since this is where the error in measurement is greatest. 

Investigation of the possible anisotropism of single ice crystals with 
respect to parallelism or normality to the secondary crystallographic 
axis (a-axes) was made. No difference in hardness was evident. 

At this point during the tests, it was decided to mechanize the hardness 
tester so that a constant loading speed could be maintained, thereby 
reducing the spread of the hardness values obtained. Samples were cut 
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Frc. 2. Difference in Brinell hardness of single ice crystals parallel 
and normal to c-axis. 


normal and parallel to the c-axis from three different single ice crystals, 
in order to be able to compare their hardness. It was found most con- 
venient to use a 12 second application of load. Figure 1 shows the results 
of these trials, and Fig. 2 shows a definite anisotropism of hardness. Upon 
examination of Fig. 1 it can be seen that there are two series of hardness 
values for temperatures above — 20°. The first series (circled) yielded 
values of hardness higher than expected. These points were rechecked to 
rule out a possibility of error in measurement. It was found that some 
unexplainable error appeared in the first series of measurements. These 
points were included in the graphs to show the magnitude of the errors. 
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Figure 2 shows that a crossover of the two curves for hardness normal 
and parallel to the c-axis probably exists at about —10° C. This was 
also evident in the tests where the load was applied manually. This 
crossover may indicate that the crystal is harder normal to the main axis 
below this range and harder parallel to it above this range of tempera- 
tures. 

Experiments were conducted to check the possible polarity of single 
ice crystals and the possibility of twinning. No polarity of the main axis 
was detected in the crystal used. The tests were performed in numerical 
order, as is shown in Fig. 3. After a series of measurements were made 


C-aXxIs 


4 


Fic. 3. Order of tests to check possible polarity and twinning. 


on surfaces 1 and 2, the crystal was planed off about 2 mm. on both 
sides to new surfaces 3 and 4, on which the next series of measurements 
were made, and so on. 


SCRATCH HARDNESS 


The microhardness data were taken on two rectangular plates of ap- 
proximately 2.52.51 cm. One of these plates had the c-axis oriented 
normal to its surface so that a scratch in any direction on this surface 
was normal to the axis. The other plate had the c-axis oriented parallel 
to the surface of the plate so that scratches at different angles to the 
c-axis could be made. Temperatures were chosen arbitrarily but included 
enough points to draw the curves on Figs. 4 and 5. 

A peculiar phenomenon was noticed while measuring the scratches on 
the plate with the c-axis parallel to its surface. A photomicrograph (Fig. 
6) shows that the scratches normal to the c-axis are wavy, while those 
parallel to the c-axis are quite straight. This phenomenon was particu- 
larly evident below —10° C. No apparent mechanical reason for this 
could be detected, for exactly the same thing happened on several dif- 
ferent trials. 

In an attempt to observe this phenomenon, a rigidly mounted steel 
mending needle was substituted for the diamond. The ice specimen 
with the c-axis lying in the plane of the surface was drawn past the needle, 
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Fic. 4. Microhardness of single ice crystals. (Above) c-axis normal to surface. (Below) 
c-axis parallel to surface. 
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5. Microhardness of single ice crystals at various angles to c-axis, 
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Fic. 6. Scratches made by microcharacter instrument on ice surface parallel 
and normal to c-axis. 


first in the direction of the c-axis, then normal to this axis, leaving 
scratches on its surface. When these scratches were observed under the 
microscope, there was no evidence of the wavy line in either direction. 
However, all the scratches in these tests were quite irregular, leading to 
the conclusion that this was not a valid test. 
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Fic. 7. Difference in microhardness of single ice crystal parallel and normal to c-axis, 
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DISCUSSION OF RESULTS 


Upon analysis of the data on Brinell and Microcharacter hardness of 
single ice crystals, the following conclusions were made: 

(1) The hardness of ice increases with decreasing temperature. The 
Brinell hardness test is more reproducible and accurate than the scratch 
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Fic. 8. Empirical relationship between Brinell and micro-hardness numbers, parallel 
and normal to c-axis. 


test for measuring the difference in hardness with temperature. The 
micro-hardness data become less accurate at higher hardness (lower 
temperature) because a fraction of a micron difference in width of the 
scratch becomes quite significant. A scale at the top of Fig. 4 gives the 
difference in hardness values for decreasing width of cut. 


Fic, 9, Scratches made by microcharacter instrument on ice surface. Temperature 
—30° C, Magnification15.5X. 
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(2) There is an anisotropism of hardness with respect to the orienta- 
tion of the c-axis. This is more evident from the Brinell hardness data 
than from the microhardness data. Brinell hardness H,—H., changes 
linearly with temperature. The value of H,—H., is negative at high 
temperatures, zero at approximately —10° C., and positive at lower 
temperatures (Fig. 2). Anisotropism of hardness is also evident in the 
microhardness data (Fig. 7), though anisotropy is maximum where the 
accuracy of determination is least. 

(3) A linear empirical relationship exists between the Brinell hardness 
numbers and the microhardness numbers normal to the c-axis, but the 
relationship between the Brinell and microhardness numbers parallel to 
the c-axis is not linear (Fig. 8). 

(4) Apparently, some difference in the structure of the surface with 
respect to orientation of the single ice crystal consistently causes a 
wavy scratch normal to the c-axis but a straight scratch parallel to it. 
Figure 9 shows that waviness appears only in the scratches almost normal 
to c. No mechanical or other reason could be found for this phenomenon. 
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RELATIONSHIPS AMONG IMPURITY CONTENTS, 
COLOR CENTERS AND LATTICE CONSTANTS 
IN QUARTZ 


ALVIN J. CoHEN* AND G. GARDNER SUMNER}, Mellon Institute, 
Pittsburgh, Pennsylvania. 


ABSTRACT 


The lattice constants of four specimens of synthetic and seven of natural quartz have 
been measured. The ap axis appears the more sensitive to impurity content. 


INTRODUCTION 


That a color center in a-quartz is impurity related is now well estab- 
lished (1). This anisotropic color center at 460 mp (2, 3) is caused by 
the interaction of an unpaired electron on an oxygen (or possibly in an 
anion vacancy) with an aluminum ion replacing a tetrahedral silicon in 
the quartz structure (4). 

Although several other color centers have been reported in quartz, 
none of these has been specifically related to a given impurity in the 
quartz (5). Frondel and Hurlbut (6) state that unit cell size increases with 
increasing substitution of aluminum for silicon in the structure and that 
smoky quartz has smaller cell dimensions than colorless, the content of 
trace elements of the two samples being about the same. This contradic- 
tion will be explained later. Wittels (7) has subjected a-quartz with 
lattice constants a>=4.903 A and cy=5.393 A to 6.6X10!9 nvt of total 
integrated neutron flux. The lattice constants were expanded to 
ayo=5.01+0.01 A and cy=5.41+0.02 A. The increase in lattice size thus 
was due within experimental error entirely to anisotropic expansion in 
the a direction. According to Wittels the most probable positions for 
dislocated atoms are the interstitial spaces which form long channels 
parallel to the ¢ axis; and the stuffing of these voids would account for 
the expansion in the a direction. 

Keith and Tuttle (8) have studied the effect of impurities on the in- 
version temperature of quartz and find that aluminum and lithium 
tend to be more soluble in the 8 phase and lower the inversion tempera- 
ture while the results found for germanium are the opposite. 

H. D. Keith (9) in a recent note on the variability of the quartz lattice 
suggests that impurity atoms or ions would have a larger effect in the 
plane normal to the optic axis than in the direction parallel to it due 
to the channels paralleling the latter direction. He suggests that im- 
purities normally found in quartz whether interstitial or substitutional, 

* Fellowship on Glass Science. 

+ Department of Research in Chemical Physics. 
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tend to increase the lattice spacings as the radius of Si+4 ion is smaller 
than that of any other ion likely to replace ii. 

Sabatier and Wyart (10) on the contrary, find that the a) parameter 
is smaller in synthetic quartz to which sodium has been added. They state 
that the co is unchanged and the transition temperature is raised. These 
findings conflict with those of the present paper. 

Hammond and coworkers (11) have studied the form and width of 
diffraction lines of synthetic quartz containing controlled impurities. 
Their method is capable of an accuracy of two parts in 10’. They find 
that the defects responsible for blackening smoky quartz (now known to 
be aluminum) move toward the negative electrode on heating quartz to 
530° C. in the presence of a field of 3000 v. across a thickness of 6 mm. 
Reirradiation indicates that the impurity moves along the Z direction 
of the crystal. In the region cleared by the field the lattice spacing is 
decreased toward that associated with a nearly perfect crystal. They 
find the lattice spacing to expand with increasing concentration of 
impurities. Their results thus indicate that substitutional aluminum can 
be moved in quartz under the influence of an electric field. 


EXPERIMENTAL 


The samples were prepared for the x-ray powder diffraction work by 
grinding to 325 mesh and loading into 0.3 mm. internal diameter, thin- 
walled capillary tubes. A Buerger-type, Debye-Scherrer camera of 11.46 
cm. diameter with 1.0 mm. pinholes was used to obtain the diffraction 
patterns. Twenty-four hour exposures to CuKa radiation (using a nickel 
filter only) were made at 25+1° C. The positions of the diffraction lines 
used were read to the nearest 0.02 mm. using the film measuring device 
described by Klug and Alexander (12). The effective film circumference 
was then obtained from these line positions after the method of Strau- 
manis. The cell dimensions were determined by the graphical method of 
successive approximations (13) using an initially assumed axial ratio 
(c/a) of 1.10004 (14) and the wide-angle extrapolation function of 


Taylor and Sinclair (15), viz. 
cos? 8 cos? 6 


fo) = 12 (Ste), 

Occasionally three extrapolations were required before consistency of 
the lattice constants was obtained. In general, however two extrapola- 
tions were found to be sufficient. The lattice constant determinations 
for each quartz sample were made with the following diffraction lines, 
the angular range of which extends from 59.1 to 1932003 CuKar lines 
(\= 1.53740 kX or 1.54040 A (16)) for Ak values of 126, 135, 240, 330, 
206, 501, 116, 142, 106, and 125; and CuKa lines (A= 1.54124 kX or 
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1.54434 A) for hkl values of 126, 241) 24063315 330; 206,501, tise 142 
and 125. The forms of the Bragg equation ee for the ealeniation of 
the hexagonal cell dimensions are 


ye 
cen 2 sin all By ee Gane aaa oe sin XW + cans +e CE SS ote: 
where S=h?+hk+I?. 
The samples were prepared for emission analysis by grinding in a boron 
carbide mortar used exclusively for grinding high purity silica samples. 


RESULTS AND DIscuSssION 


Table I lists the impurity contents of four specimens of synthetic 
quartz, a smoky quartz, an amethyst, an amethyst which remains green 
after heat bleaching (5), a quartz of volcanic origin, a rose quartz and 
a topaz colored quartz. Emission analyses for alkali content were made 
for only the first five of the listed specimens. Results presented in this 
table will be discussed in conjunction with the lattice constants deter- 
mined for these materials. 

Table IT lists the lattice constants both in kX units and in angstrom 
units in order to make comparison with other work easier. The lattice 
constants of a colorless Herkimer, N. Y., quartz are reported for which 
no impurity content datum is available. This crystal was about a mm’, 
in volume and there was not enough material available for emission 


TABLE II. LatticE CONSTANTS OF NATURAL AND SYNTHETIC 
OuUARDZ AT 2 Saale 


Quartz ay(kX)! co(kX)1 ao (A)? co (A)? c/as d calc. 
Brush Synthetic 4.90354 5.3940! 4.9134 5.4049 1.10003 2.6489 
Bell Synthetic (R-31) 4.9034 5.3942 4.9133 5.4051 1.10009 2.6489 
Dinkey Lakes, Smoky 4.9033 5.3941 4.9132 5.4050 1.10011 2.6489 
Bell Synthetic (R-537) 4.9033 5.3943 4.9132 5.4052 1.10014 2.6489 
Bell Synthetic (R-27) 4.9040 5.3943 4.9139 5.4052 1.09997 2.6483 
Amethyst, Brazil 4.9035 5.3938 4.9134 5.4047 1.09999 2.6489 
Amethyst, ‘““Greened”’ 4.9032 5.3938 4.9131 5.4047 1.10006 2.6493 
Herkimer, Colorless 4.90354 5.39414 4.9134 5.4050 1.10005 2.6487 
Volcanic 4.9039 5.3938 4.9138 5.4047 1.09990 2.6485 
Rose 4.9042 5.3943 4.9141 5.4052 1.09993 2.6481 
Topaz 4.9032! 5.39424 4.9131 5.4051 1.10014 2.6491 


1 Error +0.0002 kX. 

2kXX 1.00202 to give A. 

3 Calculated from kX values. oy ; 

4 Average of measurements by two persons, each of which was within the experimental 


error. 
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analysis. This small crystal was discovered on the face of a larger crystal 
which turned smoky on continued x-ray treatment while the smaller 
crystal developed no visible coloration even after a dosage of many 
millions of réntgens. This suggests that no aluminum is present substi- 
tutionally, as no visible color center giving a resulting smoky color is 
present. Its measured cell dimensions ay = 4.9035 kX and co) =5.3941 kX 
both +0.0002 kX match the measurements of Frondel and Hurlbut (6) 
for colorless Herkimer quartz within the experimental errors, their 
values being ap = 4.9031 and co=5.3938 kX both +0.0003 kX. Compar- 
ing these values to the other lattice constants in Table II, one may con- 
clude that the Herkimer quartz contains interstitial impurity (based on 
expansion of a axis) and substitutional impurity other than aluminum 
(based on expansion of c axis). This statement will become clearer as the 
discussion continues. Keith (14), for example, has reported cell dimen- 
sions d)= 4.90209 kX and cy=5.39367 kX (25°) for a Brazilian quartz 
which presumably has a low impurity content. He claims an accuracy of 
1 part in 10° for this measurement. 

Keith (14, 9) has pointed out that the axial ratio, c/a, decreases as the 
parameters increase. He states that the elastic anisotropy of quartz 
suggests that if impurities are present and cause a small s/ress in the 
lattice which is homogeneous, then this behavior of the axial ratio can 
be explained. He derives values for the ‘“‘increment ratio” 


Aa Ac 

cele 
for four specimens and finds a mean value of 1.39. This value is then 
compared to the ratio of adiabatic values of the strain components 
S1(1.269X 107?) parallel to the optic axis and S33(0.971 10-12) normal 
to the optic axis, which is 1.307. Keith then concludes that this agreement 
indicates that an impurity content in quartz produces a small stress in 
the lattice and consequent alterations in the parameters. Thus he states 
that the effect of impurities should be greater in the plane normal to 
the optic axis than in the plane of the optic axis. A comparison of the 
cell dimensions reported in the present work are made using Keith’s 
“increment ratio.” However, Keith’s procedure for obtaining his 
“increment ratios” by exhaustive cross-comparison was was not em- 
ployed since it is inappropriate for samples of our series containing inter- 
stitial impurities. Instead, the values of Keith’s (9) Brazilian quartz 
are chosen for comparison purposes as being low in impurity content. 
Nevertheless, some impurity must be present in this sample since 
Frondel and Hurlbut (6) report ap=4.90299 kX and co=5.39353 kX 


(+0.0001 kX) for a smoky quartz. Table III gives calculations of the 
ratio 
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Aa /&c 
Ga: = 
using do= 4.90309 kX and ¢co=5.39367 kX (25° C.) as the standard for 
comparison. The data of this investigation is tabulated with the decrease 


in c/a ratio. It is seen that the “increment ratio” increases regularly as 
the c/a ratio decreases with only two exceptions, the Brazilian amethyst 


TABLE III 


“Tncrement Ratio”’ 


Specimen Aa Ac c/a 
a Cc 


Topaz Quartz 0.220 1.10014 
Bell Synthetic (R-537) 0.367 1.10014 
Dinkey Lakes (Smoky) 0.550 1.10011 
Bell Synthetic (R-31) 0.660 1.10009 
“Greened”’ Amethyst 1.100 1.10006 
Herkimer, New York 1.100 1.10005 
Brush Synthetic 1.467 1.10003 
Brazilian Amethyst 4.400 1.09999 
Bell Synthetic (R-27) 1.650 1.09997 
Rose Quartz 2.017 1.09993 
Volcanic Quartz 8.801 1.09990 
Herkimer, New York! 0.110 1.10008 
Carrara, Italy, Colorless! 0.667 1.10008 
Synthetic (890°)! 1.015 1.10006 
Smoky (101)! 0.785 1.10005 
Rose (111)! 1.086 1.10004 
Colorless (105) fie22 1.10004 
Rose (102)! 1.358 1.10004 
Synthetic 800° (Na WO; melt)! 1.466 1.10003 

1.344 1.10000 


Synthetic 600° (Al-+-Li)! 


1 Calculated from work of Frondel and Hurlbut, Reference 6. 


and the volcanic quartz. Figure 1 is a plot of c/a vs. the “increment 
ratio” for the data of Table III. The points for the work from this labora- 
tory fall along a straight line except for the above two samples. 

The distribution of the impurities in the samples of Table IIT will now 
be discussed individually. The assignment of impurity to substitutional 
or interstitial sites will rest mainly on the argument that interstitial 
impurities should expand only the a directions markedly. Work now in 
progress in this laboratory is aimed at a more direct demonstration of 
this plausible assumption.* 

* Cohen, A. J., Substitutional and Interstitial Aluminum Impurity in Quartz, Structure 
and Color Center Interrelationships: Symposium on the Defect Structure of Quartz and 
Glassy Silica, Mellon Institute, May 1957. 
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The deviation of two quartzes from the straight line in Fig. 1 is most 
likely due to the predominance of interstitial impurities over substitu- 
tional as shown by the greater relative increase in the a dimension. The 
fact that color centers characteristic of substitutional aluminum are not 
present in amethyst (5) is most likely due to the fact that the aluminum 
impurity in this quartz is mainly interstitial and not in the proper en- 
vironment for color center formation. 

The quartzes that have a large percentage of their aluminum in sub- 
stitutional positions as evidenced by the fact that the color center at 460 
my correlates with the aluminum content (3) are the four synthetic and 


1.10020 


A Calculated from data of 
Frondel and Hurlburt. 


@ Data of Cohen, 
and Sumner. 


1.10010 
% 


1.10000 


1.09990 
) 2.0 40 


| 6.0 80 10. 
(aye) 


Fic. 1. Plot of “increment ratios’ versus axial ratios of a-quartzes. 


the Dinkey Lakes Smoky. In the ones having Al content between 0.003 
and 0.01 per cent by weight, the “increment ratio” varies from 0.367 to 
1.467 and the c/a ratio between 1.10014 and 1.1003. The Bell Synthetic 
(R-27) with ‘‘increment ratio” of 1.650 and c/a of 1.09997 has an alumi- 
num impurity content of 0.03 per cent and is higher in germanium and 
lithium impurity than Bell Synthetic (R-31). One concludes that both 
the substitutional and interstitial impurity contents of this specimen 
are high. 

The rose quartz of this laboratory’s series turns smoky upon x-irradi- 
ation so a portion of its aluminum content at least is substitutional. It 
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contains rutile as a separate phase, as do all other rose quartz specimens 
that were examined under the microscope in this laboratory. The “‘in- 
crement ratio” of 2.017 and c/a of 1.09993 indicate the expansion in 
the a-direction, the a being 4.9042 kX which in turn indicates a high 
content of interstitial impurities. On the other extreme is the topaz 
quartz from Rio Grande, Brazil with “increment ratio” of 0.220 and 
c/a of 1.10014; it has the lowest ap reported in this paper, 4.9032 kX, 
along with a co of 4.3942 kX, rather on the high side. This would indicate 
that the impurity content, largely aluminum and iron, is present substi- 
tutionally. 

The volcanic quartz with high impurity content and a cy on the low 
side seems definitely to have mainiy interstitial impurities as mentioned 
earlier. The “‘greened” amethyst with a) = 4.9032 kX must be low in inter- 
stitial impurities compared to its substitutional impurity content. This 
specimen exhibits the laminar d-,/-twining associated with amethyst 
with a separate phase responsible for the green color. This separate phase 
probably accounts for some of the aluminum, iron and magnesium im- 
purity present. The amethyst discussed earlier with the suggestion that 
the impurity content was largely interstitial did not exhibit as pro- 
nounced laminar twinning as found in the “‘greened”’ amethyst. 

The calculations of ‘‘increment ratios’? made on data of Frondel and 
Hurlbut indicate that their Herkimer quartz is higher in substitutional 
impurities as is the colorless quartz from Carrara, Italy. The Synthetic 
800° (NaWO; melt), Synthetic 600° (Al+Li) and Rose (102) seem higher 
in interstitial impurities than the others. In using their lattice constants 
the same general trend continues with the “‘increment ratio” increasing 
with decreasing c/a. As shown in Fig. 1 the plot of “increment ratio” 
vs. c/a agrees well with data from this laboratory except for the Smoky 
(101). The cell dimensions of this quartz are smaller than those chosen 
for comparison purposes. The values given (6) are a)=4.90299 and 
Co= 5.39353 kX both +0.0001 kX. It is on the basis of this result that 
Frondel and Hurlbut make the statement that smoky quartz has smaller 
unit cell dimensions than colorless quartz of the same impurity content. 
An explanation for this finding in view of results presented here is that 
most of the impurity content of this particular smoky quartz is substi- 
tutional. The aluminum must be thus, in order for a smoky color to be 
produced. The colorless varieties might contain more of their impurity 
content as interstitials which would cause a greater expansion of the 
a-axis than of the c-axis and possibly a greater expansion of the a-axis 
than caused by the same amount of the same substitutional impurity. 
To compare a smoky quartz to a colorless one properly, the quartz 
should be x-irradiated to determine whether a smoky color can be de- 
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veloped. Then a colorless region may be compared to a colored region 
such as actually exists in Y-bar synthetic quartz produced by the 
Clevite Research Center as shown by work of J. M. Jost (17). No investi- 
gation has been made of the effects of color center formation on lattice 
dimensions; this would presumably lend a smaller effect than that of the 
impurity content. Hammond ef al. do mention a small but significant 
change in the width of the (1231) reflection before and after heat bleach- 
ing of a smoky quartz (11). 

The color center phenomena in the 320-1000 my region has been dis- 
cussed earlier (3) in detail for the Brush Synthetic, the three Bell Syn- 
thetic and the Dinkey Lakes, California quartzes. They all exhibit two 
anisotropic color centers with maxima at 460 and about 625 my related 
to aluminum present in a substitutional position. These specimens 
exhibit a relationship between the amount of aluminum found by emis- 
sion spectral analysis and the saturation absorption coefficient of the color 
centers that are dependent on substitutional aluminum impurity. There- 
fore in these synthetic quartzes grown from AT or BT cut seed plates and 
in the natural smoky quartz studied here the aluminum impurity is 
mainly substitutional. This may not be the case for all quartz. For 
example Arnold (18) and Jost (17) find that there is poor agreement in 
some instances. This is evidence for interstitial aluminum being present 
in these samples. Work in progress in this laboratory on synthetic 
quartz (Sample No. 515B) grown on a Z cut seed at General Electric Co. 
Ltd. (Wembley, England) shows 130 p.p.m. of aluminum present al- 
though no color centers were developed in the visible region even after 
3.8X10*r of x-ray dosage (in air at surface of sample). This indicates 
that aluminum can occupy an interstitial position as well as a substi- 
tutional position in the quartz structure. 

The color centers in the ‘‘greened’” amethyst have been discussed 
earlier (5). 

CONCLUSIONS 


By comparing “increment ratio,” axial ratio, lattice constants, im- 
purity analysis and color center formation, one may generalize concern- 
ing the impurity positions in the quartz structure. Cationic impurities 
in quartz may be substitutional replacing Si*4, or interstitial. In order to 
preserve electroneutrality e.g. one interstitial Lit per substitutional 
Al**, or one interstitial Alt® per three substitutional Al** ions could be 
present provided balance is not achieved through oxygen vacancies. In 
addition quartz containing only interstitial aluminum, as is the case 
with the G. E. synthetic quartz mentioned, has its interstitial Al+? ac- 
companied by an equivalent amount of interstitial Lit (emission analysis 
gives 290 Al and 260 Li per 10° Si atoms). Another source of impurity 


LATTICE CONSTANTS OF QUARTZ 67 


that confuses chemical and emission analyses of quartz is that present 
as a separate microscopic phase as in rose quartz or as a submicroscopic 
phase as in the laminar twined variety of quartz. 

Since interstitial impurities mainly cause expansion of the a axis and 
substitutional impurities cause expansion of both axes, the following 
generalizations may be used to gain information concerning impurities 
present where ‘‘increment ratio” and axial ratio correlate (as for seven- 
teen of twenty cases in Fig. 1): 


(1) a low “increment ratio” (~1.5 or less) indicates the a-quartz con- 
tains mainly substitutional impurities and these impurities 
have radii larger than Si*. 

(2) an intermediate ‘‘increment ratio” (~1.4-1.7) indicates both sub- 
stitutional and interstitial impurities are present. 

(3) a high “increment ratio” (>1.7) or lack of correlation between 
this and axial ratio indicates that a high percentage of the impurity 
is interstitial. 
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THE SYSTEM Fe,0,— Mn,0,* 


H. J. VAN Hoox anp M. L. Kern, Pennsylvania State University, 
University Park, Pennsylvania. 


ABSTRACT 


Investigation of the system Fe;O,—Mn;0, was carried out on mixtures prepared in 
evacuated silica glass tubes to ensure the desired stoichiometric proportions. Runs at 
liquidus temperatures were made on prepared charges sealed in platinum tubes so as to 
avoid compositional change resulting from reaction with the furnace atmosphere. Sub- 
solidus relationships were determined mainly by x-ray diffraction studies of mixtures which 
had been heated to temperatures between 400° and 1100° C. under conditions which per- 
mitted the synthesis and stable coexistence of the cubic and tetragonal phases. 

The liquidus exhibits a minimum at 67% Mn;0, and 1543° C. Complete solid solution 
exists between Fe;O, and Mn;O, above the temperature of the tetragonal to cubic inversion 
of Mn;Ox, that is above about 1160° C. Below that temperature there is an immiscibility 
gap which increases in width at lower temperatures and is consistent with the compositions 
of the hausmannite and manganiferous magnetite found together in natural intergrowths. 
Inconsistencies of the interpretations of previous investigators for the intermediate-tem- 
perature portion of the diagram are attributed to their failure to allow for the extreme 
sluggishness of unmixing of the cubic and tetragonal phases. 


INTRODUCTION 


One of the common oxide structures encountered in minerals and 
synthetic materials formed at higher temperatures is the spinel structure, 
which permits substitution of many metallic elements within wide 
limits. The most abundant natural spinels can be grouped in the magne- 
tite series. Phase equilibria in systems involving Fe;O, and oxides found 
in natural association with magnetite are important to petrology, to 
studies of the conditions of formation of iron ores, and to research on 
steel making processes. 

In recent years the study of spinel oxides has received additional im- 
petus from interest in the unusual magnetic properties which certain of 
these compounds possess. Manganese-iron spinels are particularly inter- 
esting in this respect (Economos, 1955: Romeijn, 1953) and have impor- 
tant technical application as ferromagnetic components in electronic 
devices. 

Previous experimental studies of the system Fe;0i— MnsOs using ma- 
terials prepared at high temperatures gave inconsistent interpretations 
concerning the extent of the region of solid immiscibility (Mason, 1943; 
McMurdie et al., 1950). In the present study the extent of immiscibility 
was determined by preparing and quenching oxide compositions at tem- 


peratures within the two-phase region. 


* Contribution No. 56-71 From the College of Mineral Industries, The Pennsylvania 
State University. 
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Stability and Structure of FesOs—Mnsz0O4 


Fe3Q, is stable in air above 1388° C. (Greig ef al., 1935); below that 
temperature a-FeO; is the stable form. A cation deficient oxide, y-Fe2Os, 
having the same structure as Fe;O, can be prepared by various methods 
(Verwey, 1935). 

Verwey and Heilmann (1947) concluded on the basis of a careful x-ray 
diffraction study that Fe;O, is probably an inverse spinel. More recent 
neutron diffraction studies of Shull ef al., (1951) confirm that observa- 
tion. The structural formula is given as Fet*[Fet*Fet?]O,. 1 

Mn3Q, is the stable oxide of manganese in air above about 940° C. 
(Sidgwick, 1950; Mason, 1943). The structure was first determined by 
Aminoff (1926); although tetragonal at room temperature, the structure 
is similar to that of the spinels and may be described as a distorted spinel 
structure. Cation valencies and distribution have been discussed by 
Mason (1943), von Eckermann (1943), Verwey (1947), Aminoff (1926), 
and Montoro (1938). Two possible cation combinations for Mn3QOy, are: 
Mn*?[Mnt?Mnt4]O, and Mn*?[Mnot?]Oy. MnsOx occurs in nature as the 
mineral hausmannite. It is not common but in some places occurs in 
considerable amounts: at Langban, Sweden, it is an important ore of 
manganese. 

The oxide Mn:O; has two established polymorphic forms. The stable 
form a—Mn2O3 has a “‘C”’ type cubic structure. It occurs naturally as 
the mineral bixbyite, generally containing considerable iron in solid 
solution (Mason, 1943). A cation deficient form, y— MnO; having the 
same structure as Mn;O, has been reported (Verwey, 1935). Extensive 
solid solution between Mn3O, and y— MnO ; seems probable, analogous 
to that reported to take place between Fe;0, and y— Fe2Os; (Greig ef al., 
1935). 


Previous Experimental Work 


An x-ray study of synthetic manganese-iron spinels was made by 
Verwey and von Bruggen (1935). Mixtures of MnO and Fe.O; in equal 
mole proportions heated in air at 1250° C. were found to have absorbed 
an amount of oxygen exactly equal to conversion of MnO to Mn;Q,. The 
oxide formed was believed to have the composition Mn304-3Fe.03 and 
a spinel-type structure related to y—Fe.O3. Other mixtures were cooled 
rapidly from temperatures between 900° and 1300°, a temperature inter- 
val considered to be one in which MnO, is the stable oxide of manganese 
(in air) and Fe,Os is the stable oxide of iron. It was apparently assumed 
that solid solution has no effect on the respective stability ranges of these 
oxides. The several compositions prepared in this manner were found to 
exhibit a continuous transition from cubic to tetragonal symmetry. A 
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sample containing 60 mol % Mn;0, and 40 mol % Fe.O3 was found to 
be cubic, whereas a sample with 67 mo] % MnsOx was tetragonal 
(c/a=1.05). Increasing relative amounts of manganese increased the 
tetragonal character to a maximum axial ratio of c/a=1.16 for the end 
member, Mn3Q,. 

Verwey and von Bruggen described the system as showing solid 
solution of MnsO, in y— FeO 3. The observed cell dimensions agree very 
closely, however, with those of more recent workers who considered their 
preparations as a solid solution series Fes0,— MngQy. In Fig. 1 a graphical 
comparison of cell variation with composition demonstrates this simi- 
larity. Since y— Mn.Os, which is cation deficient, is an established form 
of manganese oxide, the assignment of cation deficiency to the Fe com- 
ponent in homogeneous Fe, Mn spinels is artificial, although possible. 

Montoro (1938) prepared oxide mixtures in the system Fe304— Mn;O, 
by co-precipitating manganese and iron hydroxide from solutions of the 
sulfates. The hydroxides were sintered in air at 1200° C. and quenched. 
Montoro reported that samples prepared in this manner are cubic up to 
67% Mn;O,* and tetragonal for higher percentages. He related the 
change from cubic to tetragonal structure to the formation of a sup- 
posed compound FeO: Mn2O3. 

A major contribution to understanding the system Fe;0;— MnO, was 
made by Brian Mason (1943). Mason had access to specimens of rela- 
tively pure (Mn,Fe)30,4 minerals from the ore districts of central Sweden. 
Microscopic and x-ray examination revealed the existence of vreden- 
bergite, an intergrowth of Mn-rich magnetite and hausmannite. 

In order to determine the compositional limits of the phases in vreden- 
bergites Mason prepared a series of oxide compositions from co-preci- 
pitated hydroxides sintered at temperatures ranging from 1100° to 
1300°C. Again a continuous variation of cell parameters was observed 
after quenching. Mason concluded: “Fe;O, and Mn;O, are completely 
miscible at high temperatures in spite of the difference in symmetry 
between them. The cubic lattice of Fe;0, changes to a tetragonal lattice 
at about 60 mol. % MnsQO,.”” He compared the cell dimensions of the 
synthetic preparations with those of natural vredenbergites and fixed the 
compositional limits of the two-phase region at low temperatures at 54% 
and 91% Mn3QOu. ie 

Mason heated several of his sintered oxide samples in evacuated silica 
glass tubes at lower temperatures to induce exsolution the results were 
generally negative except for a sample with 80% Mn3O,4 which SUS 
into two tetragonal phases at 750° C. but remained unchanged at 900° C. 


* &% Mn;0O, indicates calculated mol.% Mn;0;. The difference from 100% equals 


mol.% Fe;Oy. 
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Fic. 1. Variation of cell dimensions with composition. 


Nore: No single crystalline (Fe, Mn);0, phase with from 54% to 91% Mns0, is stable 


at room temperature. Cubic solid solutions in that compositional] range were obtained only 
by quenching from higher temperature and are metastable at room temperature. Tetragonal 
solid solutions which can be prepared in air, probably have a lower cation: oxygen ratio than 
R;O, and are to be compared with the R30,-R2O; solid solutions of Verwey and Van Brug- 
gen (1935), whose data are projected (open squares) onto the R;O, plane of Figure 1. 


On the basis of this “admittedly meager evidence” for a subsolidus 
maximum, Mason proposed a tentative phase diagram which is repro- 
duced in Fig. 2, (dashed line). 


In 1948 McMurdie and Golovato reported that Mn,Q, undergoes a 


reversible tetragonal to cubic transition at 1170° C. However, they record 
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Fic. 2. Previous interpretations of the system Fe;04—Mn;Ou. 


(op. cit. p. 597) that on cooling, ‘...an exothermic break took place 
near 1100° C. with samples of high purity.” The transition previously 
had been estimated from heat content data as 1172°+40° C. (Southard 
and Moore, 1942). 

Further high temperature x-ray studies were conducted (McMurdie 
et al., 1950) on the system Fe,0,— MnsOy. The hydroxides were prepared 
and sintered by the same methods employed by Mason. A continuous 
change in symmetry was again observed, the lattice dimensions showing 
agreement with Mason’s results (Fig. 1). X-ray patterns were then re- 
corded at elevated temperatures. It was observed that some composi- 
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tions showed cubic and tetragonal phases occurring together over a 
range in temperature. The partial phase diagram of the system according 
to McMurdie et al. (1950) is reproduced in solid lines in Fig. 2. 

The conclusion of McMurdie ef al that there is no region of immiscibil- 
ity at low temperatures (below 380° C.) is inconsistent with coexistence 
(at any temperature) of phases of the compositional limits found in 
vredenbergites, namely 54% to 91% Mn3O, (Mason, 1943). 


EXPERIMENTAL PROCEDURE 
SuB-SOLIDUS INVESTIGATION 
High Temperature Preparations 


In the preliminary investigation MnO, and FeO; were mixed together 
and fired in covered platinum crucibles for 2-hour periods in a gas fur- 
nace at 1400° C. The crucibles were then removed from the furnace and 
cooled in air. This treatment yielded homogeneous spinel phases for all 
compositions from Fe;O, to about 80% Mn;O;. X-ray diffraction studies 
showed both tetragonal and cubic reflections in the 90% Mn3O, sample, 
tetragonal reflections alone in the 100% Mn3O; sample. 

The preparation procedure adopted by Mason was repeated with re- 
sults identical to his. Mixtures co-precipitated as hydroxides and sub- 
sequently sintered in air at 1250° C. produced materials which are cubic 
if the Mn;O, content is less than 60%, tetragonal if the Mn;O, content is 
higher. All mixtures prepared by this method gave poor «-ray patterns, 
progressively poorer with increasing iron content. 

The high temperature preparations described above showed no ten- 
dency to exsolve into separate phases Fired oxide and hydroxide prep- 
arations remained unaffected after heating in evacuated silica tubes for 
one month at 750° C. It was therefore evident that in order to confirm 
or disprove a low temperature two-phase region, an attempt should be 
made to form the R30, phase or phases at low temperatures. 


Preparations in Vacuo and in Controlled Atmos phere 


Manganese dioxide and powdered manganese and iron metals were 
used as starting materials for preparing (Fe,Mn)3O. compositions within 
the range 67% to 100% Mn,O,. This mixture proved particularly suit- 
able for synthesis in evacuated silica glass tubes. MnO» decomposes be- 
low 500° C. in the presence of the metals and they readily take up the 
available oxygen. In runs made as low as 500° C., (Mn,Fe)30, phases 
could be prepared with no other recognizable phases present. At 400° C. 
some (Mn,Fe).Os; reflections were encountered. For compositions with 
less than 67% Mn3Q,, Fe:O; was used, of necessity, as one of the com- 
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ponent oxides. It is less desirable than MnO, as a starting material be- 
cause it has a higher temperature of decomposition. 

An inherent uncertainty in this procedure is in the difficulty of pre- 
paring a homogeneous sample. The starting materials were weighed in 
amounts totaling one gram, then thoroughly mixed and ground together. 
An aliquot of approximately one-tenth of the total sample was used for 
each run. The error introduced by any inhomogeneity was apparently 
small since samples of different compositions heated at the same tempera- 
ture produced consistent results. 

A few runs were made in a controlled-atmosphere furnace. Experi- 
mental thermodynamic data delimiting the stability fields of Mn3Q, 
(Ishihara and Kigoshi, 1953) and of Fe;O, (Darken and Gurry, 1945) 
indicate that any ratio of CO2/CO from 10 to 10‘ should be in equilibrium 
with those oxides at the temperatures used. The optimum gas ratio of 
CO2/CO for preparing oxides in the desired temperature-composition 
range was found empirically to be 300/1. This gas ratio was attained by 
mixing the gases at low pressures in a tank. The gas mixture was passed 
slowly through a vertical tube furnace designed for controlled atmosphere 
experiments. 


Determination of Two-Phase Region 


With the exception of confirmatory runs at 800° C., 900° C., and 1000° 
C. in a controlled atmosphere, all subsolidus data are based on runs 
made in evacuated silica glass tubes. The determination of the existing 
phases and their respective cell dimensions was made after quenching to 
room temperature. The boundary curves limiting the two-phase region 
were determined by two methods. 


1) The compositions of co-existing cubic and tetragonal phases were 
determined from their cell dimensions by using extrapolated curves 
giving cell variation versus composition. 

2) Each boundary curve was bracketed by runs made at different 
compositions and temperatures. This method was used in particular 
to check the boundary between the two-phase area and the cubic- 
phase area because the variation of the cubic parameter with com- 
position is small. 


Determination of Mn3O, Inversion 


Mn;0, previously prepared from MnO, was packed in a platinum 
sample holder and mounted within a heating unit®* in air on a Gabe 
-XRD 3 geiger counter spectrometer. A Pt vs 10% Rh Pt reading couple 


* Heating unit designed by H. McKinstry, Pennsylvania State University. 
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and Pt Rh vs. Au Pd control couple were used. X-ray diffraction pat- 
terns were taken at room temperature and at successive temperature 
intervals up to 1270° C. In each case, the x-ray pattern was taken after 
the temperature had reached a steady state. The x-ray furnace thermo- 
couple was calibrated with barite from Stoneham, Colorado, heating 
inversion 1180° C. (Gruver, 1951). 

The Mn;0, inversion was also investigated by differential thermal 
analysis, using a heating rate of 2° to 3° per minute and a cooling rate of 
about 1.5° per minute. D.T.A. runs were made on initially stoichiometric 
Mn;0, in air and in evacuated silica glass. The temperature standard 
used was NasO-3 TiO», melting point 1128° C. (Shafer and Roy 1956). 
The inversion on cooling could not be determined using the sodium tita- 
nate standard due to an overlap of its freezing-point thermal effect with 
that due to the Mn;O, inversion. Therefore granular alumina was sub- 
situted for sodium titanate for the cooling run. 


Licuibpus INVESTIGATION: 


Charges for investigation of equilibria at liquidus temperatures were 
prepared from metal plus oxide mixtures heated in platinum foil en- 
velopes in evacuated silica glass tubes for four days at 650° C., then 17 
hours at 950° C. Sintered charges prepared in this manner at 10 mol% 
intervals were ground, and portions of each were packed in platinum 
tubes which were then sealed by welding. The sealed charges were heated 
for 10 hours or longer, in a vertical tube furnace and then quenched in 
mercury. Quenched charges were polished and examined microscopically 
under reflected light for the presence of primary crystals, well-formed 
octahedra easily distinguished from the fine-grained mass representing 
quenched liquid. Temperatures were measured with a Pt vs. 10% Rh Pt 
thermocouple calibrated at the melting point of pseudowollastonite, 
CaSiOs (1544°). 

Controlled atmosphere runs and runs at liquidus temperatures were 
quenched by dropping the envelopes or tubes directly into a mercury 
container connected to the bottom of the vertical tube furnace. 


EXPERIMENTAL RESULTS 


Tables 1, 2 and 3 below summarize the critical runs and experimental 
data and the results are shown in diagrammatic form in Figure 3. 


Sub-Solidus Equilibria 


The inversion of Mn;O, from the tetragonal hausmannite form to a 
cubic high-temperature form with spinel structure was confirmed; we 
propose that the cubic form be called high hausmannite and the tetrag- 
onal form, low hausmannite. 
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Determination of the inversion temperature of MnO, was found to 
be complicated by the fact that H, (the beginning of inversion on heating) 
is at a higher temperature than C, (the beginning of inversion on cooling). 
The inversion has been described as a readily reversible inversion at 
1170° C., (McMurdie and Golovato 1948). However our results lead us to 
suspect that the “exothermic break” which they obtained at a tempera- 
ture near 1100° C. on cooling, probably is due to the inversion on cooling. 


TaBLeE 1. Larrick Dimensions oF Mn;Q, IN AIR 


emp ere Os dy a 
Tetragonal Form 20 8.136 A 9.422 A 
250 8.14 9.45 
450 8.15 9.47 
625 8.16 9.49 
800 8.175 9.50 
1000 8.20 9.49 
1160 8.22 9.46 


1162—(first cubic reflections on heating) 


Cubic Form 1270 8.57 
1220 8.56 
1144—(first tetragonal reflections on cooling) 
1140 8.54 


Our results by two different methods are summarized below and com- 
pared with the data of McMurdie and Golovato. 


Inversion Break, Degrees C. Method 
Heating Cooling H—C 
1170 (1100+) (70+) D.T.A. in air at 8°/min. (McMurdie and Golovato) 


1167 1130 Sul D.T.A. in air at 2°/min. 


1162 1144 18 x-ray diffraction and slow step-wise heating in air. 


It is apparent that the MnsQ, inversion can be inhibited or delayed and 
that the measured inversion break is a function of the rate of heating or 
cooling. If H-C is plotted against H and separately against C, extrapola- 
tion yields a temperature of about 1160° C. at H-C=zero. We propose 
to use 1160° C. as an estimate of the equilibrium inversion temperature 
of Mng;Oy in air. 

Differential thermal analysis at about 2° per minute, of a sample of 
Mn,0, contained in an evacuated silica glass tube* showed at 26° hys- 


* The calculated amount of oxygen in the silica glass tube at 1160° is less than 1 part 


per million of the oxygen in the sample. 
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TaBLE 2. CriricAL SuBsoLIpUS RUNS 


Mn:Fe Starting Ty Temp. Atmos- Product, and Cell 
Ratio Materials ae “G3 sphere Dimensions 
100:0 MnO, 2 hrs. 1400 gas furn. Mn;Ou, tetragonal 
90:10 MnO.+Fe0; 2 hrs. 1400 gas furn. Essentially cubic (some 
splitting of cubic re- 
flections) 
80:20 MnO2+Fe0; 2 hrs. 1400 gas furn. Cubic 
Ratio Cubic Tetragonal 
CO:/CO ao ao Co 
90:10 MnOo.+Mn?+Fe? 48 hrs. 1000 300 8.525 8.17 9.39 
80:20 MnO.+Mn!+Fe® 48 hrs. 1000 300 &.53 8.17 9.40 
70:30 MnO.+Mn°?+Fe® 48 hrs. 1000 300 8.52 8.16 9.40 
90:10 MnO.+Mn°+Fe® 54 hrs. 900 300 8.52 8.17 9.38 
80:20 MnOs.+Mn?+Fe® 54 hrs. 900 300 8.52 8.17 9.38 
70:30 MnOs+Mn°?+Fe® 72 hrs. 900 300 8.52 oily Orstes 
60:40 MnO.+Mn?+Fe® 72 hrs. 900. 300 Seoul 
+ FeO; 
94:6 MnO:+Mn?+Fe® 48 hrs. 800 300 : Beil OSs 
90:10 MnO.,+Mn+Fe® 48 hrs. 800 300 8.51 Selly Onss 
70:30 MnOo+Mn?+Fe® 55 hrs. 800. 300 8.515 8.17 9.38 
60:40 MnO.+Mn°+Fe® 55 hrs. 800 300 Soll 
+Fe0; ‘ 
90:10 MnO.+Mn?+Fe® 24 hrs. 1100 in vacuo 8.535 8.16 9.40 
80:20 MnOo+Mn°?+Fe® 24 hrs. 1100 in vacuo 8.53 
100:0 MnO.+Mn°+Fe® 40 hrs. 1000 in vacuo Some IR4S: 
97:3. MnOos+Mn+Fe® 40 hrs. 1000 in vacuo 8.16 9.41 
94:6 MnO.+Mn?+Fe°® 40 hrs. 1000 in vacuo Sel SORSSs 
70:30 MnOo+Mn?+Fe® 45 hrs. 950 in vacuo 8.52 
90:10 MnO:+Mn?+Fe® 36 hrs. 900 in vacuo Sno2 8.17 9.39 
80:20 MnO.+Mn°+Fe® 36 hrs. 900 in vacuo 8.52 8.17 9.40 
70:30 MnOo+Mn®+Fe® 36 hrs. 900 in vacuo 8.52 Sale O39) 
90:10 MnOs:+Mn°?+Fe® 1 week 730 in vacuo 8.51 8.17 9.38 
80:20 MnOot+Mn°®+Fe® 1 week 730 in vacuo 8.51 8.16 9.38 
60:40 MnOo+Mn°+Fe® 1 week 730 in vacuo 8.51 
90:10 MnOo.+Mn°+Fe® 17 days 664 in vacuo 8.51 8.17 9.36 
80:20 MnO.+Mn?+Fe? 17 days 664 in vacuo 8.51 Seif asi 
70:30 MnOo+Mn?+Fe® 17 days 664 in vacuo 8.515 Seem Ord 
100:0  MnOs.+Mn°+Fe® 30 days 610 in vacuo 8.16 9.43 
97:3 MnOs.+Mn°+Fe® 30 days 610 in vacuo 8.16 9.41 
94:6 MnOo.+Mn°+Fe® 30 days 610 in vacuo Soll O30 
90:10 MnO.+Mn°+Fe® 32 days 600 in vacuo 8.51 8.17 9.36 
80:20 MnO:+Mn°+Fe® 32 days 600 in vacuo 8.51 8.18 9.36 
60:40 MnO2+Mn°+Fe® 32 days 600 in vacuo 8.51 Soll OQsSd 
94:6 MnOo+Mn?+Fe® 25 days 600 in vacuo Sra llf See 
90:10 MnO.+Mn°+Fe® 60 days 500 in vacuo 8.51 Salon SO 
80:20 MnO.+Mn?+Fe® 60 days 500 in vacuo 8.51 8.18 9.36 
60:40 MnO:+Mn°+Fe® 60 days 500 in vacuo 8.51 
90:10 MnO.+Mn!+Fe® 85 days 400 in vacuo 8.5 8.18 9.35 
80:20 MnO:+Mn?+Fe® 85 days 400 in vacuo cubic-+ tetragonal t 
70:30 MnOz+Mn°+Fe® 85 days 400 in vacuo cubic-+ tetragonal t 


* Italicized figures indicate cubic only or tetragonal only. 
+ Plus FeO;. 


t Some R.O; present. 
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TABLE 3. Hich TEMPERATURE RUNS IN Pt TUBES 


Mn:Fe : 
Ratio Time Temp. Product 
50:50 10 hrs. 1556 crystals & liquid* 
60:40 10 hrs. 1556 all liquid* 
50:50 19.5 hrs. 1561 liquid > crystals 
80:20 19.5 hrs. 1561 all liquid 
50:50 14 hrs. 1566 all liquid* 
90:10 14 hrs. 1566 all liquid* 
100:0 14 hrs. 1566 all liquid* 
60:40 10 hrs. 1545 crystals (80%-+) & liquid 
80:20 10 hrs. 1545 crystals (90%-+) & liquid 
60:40 16 hrs. 1550 crystals & liquid 
70:30 16 hrs. 1550 all liquid 
70:30 12 hrs. 1544 liquid > crystals 
90:10 12 hrs. 1560 liquid >crystals 
90:10 15 hrs. 1562 all liquid 
100:0 15 hrs. 1562 liquid plus very rare crystals 


* Sample tubes quenched in air (quench less rapid than mercury quench). 


teresis between the thermal break on heating and on cooling, Le., ap- 
preciably less than the 37° hysteresis indicated by D.T.A. in air at the 
same rate of heating and cooling. This suggests that part of the retarda- 
tion, (superheating or undercooling) of the inversion in air may be due 
to an accompanying compositional change which requires diffusion of 
oxygen into or from the sample. 

The low hausmannite structure tolerates a maximum of about 9 mole 
% of FesO, in solid solution at room temperature (Mason, 1948); this 
decreases to 8% at 400° C., and continues to decrease with rising tem- 
perature, to zero Fe30, at 1160° C., the inversion temperature of Mn3O4 
(see Pig. 3). 

On the other hand, the magnetite-high hausmannite solid solution 
series contains a maximum of 54% Mn3Q,, at low temperatures and the 
maximum amount of Mn30, increases progessively with increasing 
temperature, to 100% Mn;O, at 1160° C. (See Fig. 3). There are no 
binary compounds, and intermediate members of the series can simply 
be described by giving the molecular percentage of MngOu. 

Single-phase tetragonal products with Mn: Fe ratio in the range of the 
2-phase region can be prepared by heating in air; the compositions of 
such preparations apparently are off the join Fe304— MngOs in the direc- 
tion of excess oxygen. The basis of this conclusion is the experimental 
evidence that stoichiometric metal+oxide mixtures in the range from 
Mn: Fe approximately 60:40 to 90:10 yield cubic phases upon heating to 
1200° C. in evacuated silica glass tubes or in the slightly reducing 
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MAGNETITE—HIGH HAUSMANNITE 


SOLID SOLUTION 


MAGNETITE — 
HIGH HAUSMANNITE 
SOLID SOLUTION 2 


TEMPERATURE DEGREES C. 


LOW HAUSMANNITE 


LOW HAUSMANNITE 


| 
| 
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| 
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Fe.O 20 40 60 80 Mn-O 
at MOL. % Mn30, 3N4 


Fic. 3. Phase equilibria in the system Fe;0;— Mn;Qj. 


atmosphere of a gas furnace, while similar materials fired at equivalent 
temperatures in air have a poorly developed tetragonal structure. Co- 
precipitated hydroxide starting materials promote formation of the tetra- 
gonal structure. 

A tetragonal 80 Mn:20 Fe oxide composition prepared at 1200° C. 
from an hydroxide starting mixture, and a cubic 80:20 sample prepared 
at 1400° C. (gas furnace) from a metal+oxide starting mixture, were 
both heated above the liquidus temperature in air on a strip resistance 
furnace and quenched. Each sample recrystallized with the same struc- 
ture it had before being melted, indicating that the difference in structure 
probably is due to a compositional difference. 
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Liquidus Temperatures 


The melting point of Fe.O, is taken as 1596° C. (Darken and Gurry, 
1946), the melting point of Mn30, as 1562° C., (present investigation), 
in good agreement with the melting temperature, 1565° C., given by 
Wartenburg and Reusch (1932). Intermediate compositions exhibit 
solid solution with a liquidus minimum at about 67% MnO, and 1543° 
Cr (vee big: 3). 

CONCLUSIONS 


The temperature of inversion of Mn3O, from the tetragonal hausman- 
nite form to the cubic high temperature form (here designated high haus- 
mannite) is determined to be 1160°+5° C. 

Above 1160° C. there is complete solid solution between magnetite 
and high hausmannite. At lower temperatures there is a progressively 
widening region of solid immiscibility in which a cubic phase and a tetra- 
gonal phase can coexist in equilibrium. Compositional limits of the phases 
present at 400° C. are 57% Mn301:43% Fe3O4 and 92% Mn304:8% 
Fe;04. Extrapolation of the boundary curves (Figure 3) to room tem- 
perature gives composition limits in agreement with the results of 
Mason’s work (op. cit., 1943) on natural intergrowths, namely 54% 
Mn3O, and 91% Mn3QOu,. 

The name jacobsite has been used to refer to spinel-structure minerals 
with intermediate compositions in the system Fe;04—Mn30, (Mason 
1943, p. 158), and use of that name for the complete high temperature 
series could be defended, on the basis that the present work shows that 
the compositional range of jacobsite increases with increasing tempera- 
ture. However, the upper limit of 54% MnasOx, in the cubic series is a 
logical and useful point of subdivision for minerals, and we therefore 
propose to follow Mason for the most part, and to use the following 
definitions of minerals whose compositions fall in the system Fe;Ox- 


MnszQg: 


Mineral Name Molecular T Mn;0i 
magnetite 0 to 10* 
jacobsite (magnetite-high hausmannite solid solution) 10 to 54 
vredenbergite (intergrowths of jacobsite and low hausmannite) 54 to 91 
91 to 100 


hausmannite 


Results of the present investigation show that the compositional range 
of the tetragonal structure is much greater for cation deficient com- 
positions, which may be written (Mn,Fe);-.O., than for stoichiometric 


* Mason (op. cit. 1943a) set the boundary between magnetite and jacobsite at 16.7% 
Mn;Q,, a composition half-way between Fe;Ox and the hypothetical compound MnFe:0,. 
There is no evidence that such a compound exists and therefore it seems preferable to set 


the division arbitrarily at 10% Mn20s. 
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(Mn,Fe)30, preparations. Synthesis of stoichiometric (Mn, Fe);O. oxides 
requires that the partial pressure of oxygen be controlled or that the 
effect of furnace atmosphere be eliminated by use of sealed sample 
tubes. 

It seems likely that the tetragonal mineral described by Mason (1943b) 
as alpha-vredenbergite is cation deficient. This would be consistent with 
its reported mode of origin, by alteration of bixbyite (Mn,Fe).O3 and 
would explain the existence of the mineral as a single phase rather than 
as an intergrowth of cubic and tetragonal phases, as would be expected 
from its Mn: Fe ratio. The existence of single phase metastable minerals 
in the compositional range of vredenbergite is possible but we would 
expect them to be cubic rather than tetragonal if the cation: oxygen ratio 
is stoichiometric. 

Fine-grained vredenbergite (oriented intergrowths of jacobsite and 
iron-bearing hausmannite) may have originated by unmixing of a homo- 
geneous magnetite-high hausmannite solid solution formed at tempera- 
tures above the two-phase region, as suggested by Mason. If an origin by 
unmixing could be proven to be the only means of producing such inter- 
growths, then it would be possible, for a vredenbergite sample of known 
composition, to estimate a minimum temperature of formation of the 
homogeneous solid solution by use of the equilibrium diagram (Fig. 3). 
However, there is no evident way of proving that such intergrowths do 
not originate from sedimentary iron-manganese deposits by thermal 
metamorphism at maximum temperatures within the two-phase region. 

Unmixing of the cubic and tetragonal phases is so sluggish that it is 
practically useless in laboratory investigations of the system Fe3Q,- 
MnO, and that sluggishness, together with the difficulty of maintaining 
the stoichiometric proportions of preparations, probably is a principal 
reason for the inconsistencies of previous interpretations of the inter- 
mediate temperature portion of the system. 
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RELATION BETWEEN LATTICE CONSTANTS AND COM- 
POSITION OF THE Ca-Mg CARBONATES 


Jutian R. Gotpsmitn* AND Donatp L. Grarf with additional analytical 
determinations by A. A. Cuopos,t O. I. Joensuu§ anp L. D. McVicKER{ 


ABSTRACT 


Synthetic magnesian calcites containing 4.94, 9.89, 14.83, and 19.78 mol per cent 
MgCO; in solid solution were prepared by solid-state reaction of pelletized mixtures of 
CaCO; and basic Mg carbonate at temperatures between 800° and 860° C. Spectrographic 
analyses of the Mg content of these solid solutions, using copper spark and d.c. arc methods, 
gave results which were, with one exception, within +7 per cent of the true values. 

Dolomite crystals from five localities were analyzed by wet chemical methods, and gave 
molar compositions ranging from Cao.4910 (Mg, Fe, Mn)o.s060 to Cao.s063 (Mg, Fe, Mn)o.4937. 

Values of a) and co for magnesian calcites, the dolomites, and a synthetic magnesite 
were obtained from «-ray diffractometer and film measurements. The spacings of d¢33(30-12), 
the third order of the strongest reflection, measured on the diffractometer agree with those 
computed from measured values of dp and co. The synthetic magnesite has a) =4.6330 A 
co=15.016 A, an=5.6752 A, w=48° 10.9’. 

The average do for the dolomites studied is 0.092 per cent less than one-half the sum 
of ad values for calcite and magnesite, and the average cp value, 0.21 per cent less than the 
analogous hypothetical cp value. If the magnesian calcite curves are extrapolated to 50 mol 
per cent MgCOs, the comparable numbers are 0.98 per cent for a and 0.44 per cent for co. 
The implied smaller mole volume for the hypothetical disordered equivalent of dolomite 
must be viewed with skepticism, however, because of the length of the extrapolation and 
the fact that cell constants of the magnesian calcites were measured at room temperature, 
from 500° to 800° C. below the minimum temperature at which they are stable. 

Compositions of single-phase materials between calcite and dolomite can be determined 
from ¢o values to within about 2 mol per cent MgCO; if mixed-layer effects do not occur. 


INTRODUCTION 


In an earlier paper (Goldsmith, Graf, and Joensuu, 1955) «-ray and 
compositional data were used to prepare several curves showing spacing 
versus composition for a number of naturally occurring magnesian cal- 
cites. Wet chemical analyses consistently gave higher magnesium values 
than did spectrochemical analyses. The spectrochemical analyses were 
used, largely because the homogeneous single-phase samples available 
were frequently quite small. The validity of determinations of composi- 
tion from x-ray spacing, given later in that paper, were thus dependent 
upon the spectrochemical data. 

In order to examine further the validity of our curves showing spacing 
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versus composition, several synthetic magnesian calcites have been 
prepared and examined by spectrochemical analysis and powder x-ray 
diffraction, In addition, compositions and spacings of synthetic magnesite 
and five carefully selected dolomites have been obtained in order to 
evaluate more accurately the composition-unit cell relationships in the 
Ca-Mg carbonates. 


PREPARATION OF MAGNESIAN CALCITES 


The synthetic magnesian calcites were prepared by reacting pelletized 
mixtures of C. P. basic magnesium carbonate and Johnson and Mathey’s 
“Specpure”” CaCOs in cold-seal pressure vessels using the apparatus de- 
cribed by Graf and Goldsmith (1955). The runs were held one or two 
days at temperatures of 800° to 860° C. under CO, pressures sufficient 
to prevent decomposition of dolomite, typically 20,000 to 24,000 lbs. /in.2 
The temperatures chosen for individual runs were sufficiently high to 
insure complete solid solution of the mixture (Graf and Goldsmith, 1955). 

Initially runs were made using mixtures of calcium carbonate with 
MgO and with magnesite. Ca-Mg carbonate solid solutions could be ob- 
tained with both these mixtures, but equilibrium was much more readily 
established and results were more consistent when basic Mg carbonate 
was used instead. Only those materials prepared with basic Mg carbonate 
as a source of Mg were used for analytical determinations. The MgO 
content of the basic carbonate was determined by dead-burning a portion 
of the material. 

Mixtures equivalent to 4.94, 9.89, 14.83, and 19.78 mol per cent 
MegCOs; were weighed out, hand-mixed under alcohol in an agate mortar, 
and pressed into cylindrical pellets 3/16 inch in diameter by ¢ inch long. 
Several runs were made of each composition in order to obtain the de- 
sired amount of material. At the completion of a run the furnace was 
quickly removed and an air blast applied to the hot end of the bomb. 
Powder x-ray diagrams were taken of each batch of pellets, and in a few 
cases it was found that a small but detectable amount of dolomite had 
formed by exsolution during cooling. Pellets containing dolomite were 
not used for measurement of x-ray spacings. 


SPECTROCHEMICAL METHODS 


The spectrochemical method used by one of us (Joensuu) for determining Ca and Mg is 
essentially that described in Goldsmith, Graf, and Joensuu (1955). The beads from the 
900° C. fusions were ground with graphite (1:2), and placed in inch O. D. graphite elec- 
trodes which had been drilled to a depth of 8 mm. with a #46 drill. The electrodes were 
arced at 6 amperes using the gas jet (Stallwood arc) with carbon dioxide (Stallwood, 1954), 


and the following lines used for analysis: 
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Internal Concentration range 
Element Wavelength, A Standard wt. per cent 
Mg 2782.9 Co 3072.3 Oe s 
Mg 3096.9 Co 3072.3 0.5-20 
Mg 3336.1 Co 3334.1 229) 
Ca 2997.3 Ba 3071.6 20 -50 


The samples were also analyzed spectrochemically for Mg using the copper spark 
method (Chodos). A sample weighing 25 mg. was dissolved in 1 per cent HCl and 10 ml. 
of an internal standard solution containing 0.25 g. ammonium molybdate/liter was added. 
The volume of the solution was adjusted to 25 ml. with 1 per cent HCl, and 0.1 ml. of the 
solution was then transferred to the top of a copper electrode and evaporated under an 
infrared lamp. The residue was sparked for 30 seconds using a low resistance, low induct- 
ance, and low capacitance spark from the Jarrell-Ash Varisource, and the spectrum was 
photographed on III-O plates. The line pair Mg 3838.3/Mo 3903.0 was used. Standards 
were made from National Bureau of Standards Dolomite (#88) diluted with high-purity 
calcium carbonate. 


MAGNESIAN CALCITE ANALYSES 


The results of spectrochemical analysis of the synthetic magnesian 
calcites are given in Table 1. With only one exception, the average value 
for MgCOs obtained from multiple analyses differs less than +7 per cent 
from the actual amount present. The accuracy of these results would 
appear to be somewhat better than that usually attributed to spectro- 
chemical analyses. 


TABLE 1. SPECTROCHEMICAL ANALYSES OF SYNTHETIC MAGNESIAN CALCITES 


Mol% Wt. % Error Error 
MgCO; MgCO; (% of (% of 
(by (by Wt. % MgCoO;* Av. amount Wt.% MgCOst Av. amount Wt. % 
syn- syn- pres- pres- CaCOst 
thesis) thesis) ent) ent) 
4.94 4.50 5.10,4.61, 4.51,4.50 a +4.9 4.8,4.6,4.5 4.6 +2.2 95, 96, 96 


4 
9.89 8.99 (a) 7.28, 8.39,8.08,6.87 7.66 —14.8 1) 9 94 

§(6) 8.08;8-84,8.29,8.95 8.53, = Sig shes Pg eS 
3 


147835 13.48) |8(a)) 13-7081 2883013. 008 sn 1sh04 maces 
12.66 
13.6,13-7,13.8 ga  <Pis6 | S2884neG 
(O) REP TOTS, GG SE 
13.70 
AE (Oy ARG Ge — OK) — 546-9 
20.63 


17,6, 18.2,18.2 18.0 +0.1 80, 82,85 
(6) 18.20, 19.07, 19.42, 1SE52) 9 1350 


* Reported as wt. per cent Mg. Analysis by A. A. Chodos. 
t Reported as wt. per cent MgO. Analysis by O. I. Joensuu. 
t Reported as wt. per cent CaO. Analysis by O. I. Joensuu. 


§ The (a) (b) pairs for each composition represent different batches of pills prepared from the same original 
mixture. 
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CHEMICAL COMPOSITION OF SELECTED DOLOMITES 


Five dolomites, from Serra das Eguas, Brazil, Hammondsville, Ver- 
mont, Gabbs, Nevada, Monroe County, New York, and Binnental, 
Switzerland, were selected for correlation of composition with unit cell 
dimensions. The criteria used in selecting these materials were the ab- 
sence of extraneous phases, which would affect chemical analyses, rela- 
tive freedom from cations in solid solution (especially Fe++ and Mn*+), 
which would affect unit cell size, and homogeneity throughout. The 
Hammondsville and Serra das Eguas materials were single cleavage 
pieces of water-clear material. The Binnental sample was made up of 
several water-clear crystals taken from the same cavity. The Gabbs ma- 
terial was obtained from a single somewhat milky cleavage piece, and 
the Monroe County sample was made up of a number of somewhat milky 
crystals taken from the same cavity. 

In order to check the wet chemical procedures for Ca and Mg against 
an absolute standard, 1:1 and 4:1 molar mixtures of Illinois Geological 
Survey Spectrographic Standard CaCO; and Johnson and Mathey’s 
“Specpure”’ MgO were prepared. The analytical results for these mix- 
tures are shown in Table 2. The weight of material found gravimetrically 
(Column 2) was corrected for MgO in the CaO product and for Cas(POx)2 
in the Mg»P.O; to obtain the corresponding value in column 4. 


TABLE 2. ANALYTICAL DATA ON SYNTHETIC CaCO;-MgO MrxturREs 


1:1 molar Ca: Mg mixture 


gms. CaCO; takent gms. CaCO;foundt wt. % MgO in CaO§ corrected gms. CaCO; found average % error 


(average) 
1.0027* 1.0076 0.60 1.0045 +0.18 
1.0027* 1.0063 0.62 
gms. MgO taken gms. MgO found wt. % CaOf in corrected gms. MgO found average % error 
Mg2P20; (average) 
0.4032 0.4005 0.20 0.4025 —0.17 
0.4032 0.4003 0.15 


4:1 molar Ca:Mg mixture 
gms. CaCO; taken gms. CaCO; found wt. % MgO in CaO corrected gms. CaCO; found average % error 


1.0027* 1.0058 0.04 (average) 
1.0027* 1.0062 0.04 1.0075 +0.48 
gms. MgO taken gms. MgO found wt. % CaOf in corrected gms. MgO found average % error 
Mg2P20; (average) 
0.1008 0.1013 0.35 
0.1008 0.1011 0.45 0.1007 —0.11 


* Samples of 1.008 gm. CaCO: were weighed out. The figure 1.0027 is a corrected value which takes into 
account the actual CaO content of the material as determined by calcining a sample at 1200° C. and weighing 
as CaO) ; 

+ The CaO reported in these analyses was assumed to be present as Cas(PO:)2. 

t Analysis by LE. D. McVicker. 

§ Analysis by O. I. Joensuu. 
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The dolomites were similarly analyzed in duplicate for Ca and Mg 
by McVicker using the standard Ca oxalate and Mg ammonium phos- 
phate precipitations, the latter in triplicate. The CaO and Mg pyrophos- 
phate obtained after heating were analyzed spectrochemically by Joensuu 
for extraneous ions carried down with the precipitate. Spectrochemical 
determinations of MnO, FeO, and SrO in the dolomites were made. 
Where sufficient samples were available MnO was also determined 
colorimetrically and FeO gravimetrically. The results are summarized in 
Table 3. The differences in Ca and Mg content obtained with and without 
corrections based upon Table 2, 


0.48 + 0.18 O17 -- O11 
ana 0.5) DeLcent ion Car ile a = 0.14 per cent for Mg 


are less than 0.15/100 cations. The final CaCOs figures for four of the 
five samples are approximately 0.5 mole per cent below the ideal 50 
per cent, but the Monroe County dolomite has about 0.5 per cent CaCO; 
in excess of that figure. 

Some further information on the reliability of the various analytical 
determinations is furnished in Table 3 by analyses of the same Serra das 
Eguas and Monroe County samples made several years ago by McVicker, 
and by an independent analysis of the same Binnental sample for another 
purpose made by M. G. Batchelder of the Institute of Metals, University 
of Chicago, with spectrographic analyses of precipitates by A. J. Leoni. 
The three pairs of CaO determinations differ by a maximum of only 0.05 
wt. per cent; the two pairs of CO, determinations, by 0.20 and 0.26 wt. 
per cent. The pairs of MgO determinations differ by 0.10, 0.29, and 0.44 
wt. per cent. The discrepancy between MgO determinations is the reason 
for the difference in values (cations/100 cations) computed for the two 
Binnental analyses, a difference which is half the maximum difference 
observed among the several dolomites. 

It may be noted that most of the analyses total somewhat high, and 
that moles of CaO+MgO+MnO+FeO exceed moles of CO2 by from 
0.009 (Monroe County) to 0.022 (Binnental, L. D. M.). This difference 
corresponds to a range of 0.37 to 0.87 wt. per cent MgO, for example, 
and is greater than the amount of material that could be combined with 
the small amounts of SiO. and Al,O; present. The last two materials, 
furthermore, are at least partly derived from reagents, laboratory glass- 
ware, and the mullite mortar in which the samples were ground. The 
anomalies could be most easily resolved if MgO determinations were 
slightly high, but the analyses summarized in Table 2 indicate that cor- 
rection for spectrographic analysis of precipitates seems to yield quite 
accurate results for MgO. 
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X-RAY METHODS 


Spectrographically pure CaCOs, the synthetic magnesian calcites, the 
five chemically analyzed dolomites as well as U. S. Bureau of Standards 
dolomite #88, and a synthetic magnesite* were run on the General Elec- 
tric XRD-3 x-ray diffractometer using Cu radiation. Because only small 
amounts of some of the materials were available, all mounts were pre- 
pared by spreading the finely ground powder evenly in n-butyl alcohol 
on a glass slide and then allowing the alcohol to evaporate. A similar 
mount of high-purity silicon having d)=5.43062 A was used to prepare 
a graph of 26 versus errors in d-values calculated from the observed 
maxima. This graph was then used to correct observed carbonate d- 
values. At moderate to low values of 26 the correction incorporates not 
only instrumental error but also the effect of partial ajaz overlap. 

The reflections used were 213 (140)+ which ranged from 20= 109° to 
123° for the carbonates studied and from which ap can readily be ob- 
tained, 444 (00:12) at 20=65° to 76°, the highest angle basal reflection 
available, and 633 (30-12) at 20=99° to 115°, the third order of the strong 
211 (104) reflection which lies at about 45° to a and-c. The 303 (330) re- 
flection at 20=136° could also be detected for calcite, and was used to 
obtain dp values. Diffraction angles were obtained from charts recorded 
at a rate of 1°/5 min. with a time constant of 1.0 second for 444 (00-12) 
and 633 (30-12), 3 seconds for the other two reflections. 

The complete set of samples examined with the diffractometer was 
also run using standard 114.59 cm. Philips Straumanis-mount powder 
cameras and suitable radiations, in order to obtain an independent 
check. The Straumanis method of film shrinkage correction was used, 
and cos*@ extrapolations to 20= 180° were carried out to obtain a and ¢o, 
except where otherwise noted. The various radiations and «x-ray reflec- 
tions used in determining do and cy are summarized in Table 4. An upper 
limit to the accuracy of the extrapolations is set by the sharpness of the 
back reflections which can be obtained. The dolomites examined, even 
though macroscopically good single crystals, typically have somewhat 
more diffuse back reflections than do well crystallized single-cation car- 
bonates such as calcite and magnesite. Attempts to obtain structurally 
more perfect dolomites by recrystallization in the presence of water and 
CO» at 700° C. yielded materials which were not significantly improved. 


* The magnesite was prepared by heating C.P. basic Mg carbonate to 300° C. for 15 
hours in a Morey bomb in the presence of COz and H.0. Spectrographic analysis of this 
material by Juanita Witters of the Illinois State Geological Survey shows Ca equivalent to 
0.38 mol per cent CaCO; and Fe equivalent to 0.013 mol per cent FeCOs. 


} Rhombohedral indices k,l, are followed by the equivalent hexagonal indices hk-] 
throughout the paper. 
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TABLE 4. Back REFLECTIONS USED To DETERMINE @ AND Cy FROM Parties POWDER 
X-Ray Fitms oF Ca-Mg Carponates 


Materials Radiation ee Reflections usedt 

Calcites and Mg-calcites Co do 213(140), 440(048), 411(324), 312(232), 
400(404), 521(318) 

Calcites and Mg-calcites Co Co 642(22-12), 664(02-16), 653(12-14), 
633(30- 12), 644(20- 14) 

Calcites, 4.84 mol% and Fe a 312(232), 521(318), 400(404), 420(226), 

9.89 mol% Meg-calcites 321(134) 

14.83 mol% Mg-calcite Fe do 312(232), 302(321), 521(318), 400(404), 
420(226), 321(134) 

19.78 mol% Meg-calcite Fe ao 400(404), 420(226), 321(134) 

Dolomites Co a 213(140), 411(324), 312(232), 302(321) 

Dolomites Co Co 664(02:16), 653(12-14), 633(30-12), 
655(10-16),* 654(11-15)* 

Dolomites Cr Co Average co extrapolation slope run 
through 0 543(11-12) 

Magnesite Cu a 540(149), 332(054), 114(052), 520(327), 
440(048) 

Magnesite Co Co Coincidences of 654(11-15)—302(321) 


and 655(10- 16)—633(30-12)—312(232); 
fit of @o’s40a49) to @o extrapolation (see 
text) 


+ Tables of indexed d-spacings for the rhombohedral carbonates will be given ina 
separate publication (Graf, ms. in preearation). 

* The 654(11-15) and 655(10-16) reflections of calcite and the magnesian calcites are 
too nearly coincident to be measured, but are resolved for dolomite. 


Reflections with a strong c-axis component are more often broadened 
than are those from planes having a strong a-axis component, both for 
the dolomites and for the magnesian calcites. 

Tt will be noted from Table 4 that the accuracy of cos@ extrapolation is also restricted 
by the fact there are no basal reflections in the back reflection region, at least for the 
radiations commonly available. This has made it necessary first of all to carry out an do 
extrapolation using the relation, 


Gieacd y/ 4/30 cris ee (=) P (1) 


where the prime indicates that ao’ is in general not equal to dp except at 2 6=180°. Greater 
reliance is placed upon the reflections from planes having no c-axis component, and those 
having a relatively small c-axis component so that do/co in (1) need not be known too 


accurately. : 
With ao known, a series of Co extrapolations can be made using 


aed 4/413 (Je + hk +R) +P (2) 
ao 
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and a range of assumed ¢p values in order to determine which one best fits the several co’ 
values to a straight line and which one most nearly gives an extrapolated co equivalent to 
that assumed. Inasmuch as the several reflections used in making the co extrapolation 
have varying a-axis components and thus varying contributions from the (co/ao)® term in 
(2), an error in assumed ¢p will affect them unequally and tend to destroy the linearity of 
the plot. The extrapolated co value obtained can be tested by using it in computing ay’ 
values for reflections containing small to moderate c-axis components, and seeing whether 
these do’ values fall close to the line in the ao extrapolation. 

The suggested co extrapolation for dolomite in Table 4 using Co radiation is not possible 
for most of the dolomites studied because the reflections are too weak and diffuse to meas- 
ure. Instead, dasa) at 20=158° can be measured quite accurately using Cr radiation, 
and cp then computed using equation (2) and a known value of do. Inasmuch as ¢o’ and 
co in (2) are not identical for 20<180°, it is necessary to establish the relationship between 
them. By determining the average of co extrapolation slopes for some 20 carbonates which 
had been run previously, it was found that ¢o’=co+0.0009 at 2 6=158°, for the particular 
Philips camera used. Thus the co value for dolomite is changed by about 0.001 A relative 
to that obtained if co’ is assumed equal to co. 

The determination of co for magnesite by cos@ extrapolation is made difficult by the 
near-coincidence* of 654 (11-15) —302 (321) and of 655 (10-16) —633 (30-12) —312 (232). 
However, the synthetic material available is very well crystallized, and these multiple 
reflections can be observed in the back reflection region at 2062155° using Co radiation. 
They do not appear broader than other back reflections of comparable intensity, indicat- 
ing that coincidence is very closely approached. Using the accurately determined value 
ay= 4.6330 A for magnesite, pairs of (2) can be solved simultaneously to eliminate co’ and 
obtain co. For the three pairs 654 (11-15) —302 (321), 655 (10-16) —312 (232), and 633 
(30- 12)—312 (232) the same co value, 15.013 A, results. The two reflections with no c-axis 
component, 312 (232) and 302 (321), are weaker for calcite and dolomite than the reflections 
listed which have strong c-axis components but have appreciable intensity. Thus noticeable 
broadening of the multiple reflections would surely result if pairs of reflections from mag- 
nesite were separated by a fifth of the aja2 separation in this 26 region, and might be detect- 
able at half this value. By leaving the reflections with no c-axis component fixed, and mov- 
ing those with strong a-axis components these distances, it is possible to place limits of 
+0,.008 and +0.004 A respectively on the 15.013 value. 

A probable value for co within the ranges mentioned may be obtained in at least two 
ways. Using the rather accurately measured reflection 540 (149), which lies at 20=165° 
for Cu radiation and has about 75 per cent a-axis component, it is found that an assumed 
co of 15.016; A is required in (1) in order to make ao’ for 540 (149) fall on the line in the 
a extrapolation. Values of cy of 15.013 and 15.019 A (average 15.016) were obtained by run- 
ning average co extrapolation slopes through co’ values derived from measurements of 
dss202-11)e, ANd des2a2-11)a at 26=145° using Fe radiation. A probable co value of 15.016 A 
is therefore chosen for magnesite. 

The x-ray measurements were made in laboratories whose temperatures varied from 
23° to 29° C. Thus if one ignores the possible heating-up inside the Philips cameras during 
long exposures, the measurements are valid for 26+3° C. The correction in a» for these 
materials resulting from a temperature difference of 5° C., based upon available thermal 
expansion data for calcite, dolomite, and magnesite, is about 0.0001 A, which is much less 
than error from other sources and is ignored. The value for co is about 0.002 A, which is 


* The indexing of x-ray reflections in this paper is based upon tables of calculated 
d-values which are presented in a separate paper (Graf, ms. in preparation). 
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comparable to the experimenta! error from other sources in the more favorable cases. 


Correction of individual co values to 26° C. does not change any of the conclusions reached 
in the remainder of the paper. 


X-RAY MEASUREMENTS 


The x-ray measurements are summarized in Table 5 and shown 
graphically in Figs. 1-4. Figure 1 gives a complete picture of the results, 
and Figs. 2, 3, and 4 are more detailed plots of the ao, cp and dxiao4) data, 
respectively. The relationships shown in these figures supplant the pre- 
liminary ones suggested in Fig. 6 of Goldsmith, Graf, and Joensuu (1955). 
The values given are the most probable in each instance, but no attempt 
is made to specify probable error because of the difficulty of taking into 


TABLE 5. MEASURED VALUES OF ¢, @o, AND den”aos) FOR THE Ca-Mg CaRBONATES 


211 (104 
oy) ¢o from co from do from d from ao from 


from d ; ween we = Bs 
Sample . ess(20.12) 444(00- 12 213(140) cos' Cos: 
NTE er Materials Spee Spec- Extrap- Spec- Extrap- Extrap- 
feoninten trometer olation trometer  olation olation 
Gil Cu rad. Co rad. Cu rad. Co rad. Fe rad. 
Illinois Geological Survey 3.0356 17.059 17.065 4.9894 
Spectr. Standard CaCOs 4.9898* 
Johnson-Mathey ‘Specpure”’ 4.9903 4.9900 4.9896 
CaCO; 4.9899* 
G-680 (4.94 mol% MgCO;) 3.0196 16.951 16.955 4.9676 4.9697 4.9691 
G-684 3.0197 16.952 4.9079 4.9693 
G-694 3.0198 16.950 16.956 4.9679 4.9682 4.9693 
G-698 (9.89 mol% MgCOs) 3.0018 16.852 16.852 4.9428 4.9430 4.9440 
G-700 3.0030 16.845 16.855 4.9448 4.9443 4.9449 
G-714 3.0021 16.850 16.852 4.9435 4.9430 4.9443 
G-696 (14.83 mol% MgCO; 2.9854 16.735 16.734 4.9216 4.9220 4.9219 
G-661 2.9857 16.736 16.738 4.9213 4.9226 4.9223 
G-663 2.9864 16.735 16.741 4.9219 4.9215 4.9218 
G-672 (19.78 mol% MgCOs) 2.9712 16.636 16.638 4.9022 4.9025 4.9019 
Dolomite, Gabbs 2.8842 16.004 16.002¢ 4.8056 4.8064 
15.997 
Dolomite, U.S.B.S. #88 2.8850 16.004 16.007 4.8073 4.8068 
Dolomite, Monroe County 2.8857 16.014 16.013 4.8084 4.8080 
Dolomite, Serra das Eguas 2.8843 16.004 16.000t 4.8065 4.8054 
Dolomite, Hammondsville 2.8862 16.008 16.009 4.8078 4.8070 
16.011 
Dolomite, Binnental 2.8857 16.015 16.014¢ 4.8070 4.8082 
Synthetic magnesite Interf.§ 15.013 15.016§ 4.6333 4.63304 


* do from d303(330) at KI NIS 

+ co from extrapolation through ¢o’s1(11.12), Cr rad. 

t ao from cos%9 extrapolation, Cu radiation. 

§ See text. fi ; r 
{ Computed from ao=4.6630 A and co=15.016 A to be 2.7412 A. 
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a, in A C, and dai(104) in A 
5.02 17.15 3.04 
4.98 16.90 300 


nee 16.65 2.96 
16.40 2.92 
16.15 2.88 
pues 9911(104) 
Ni 
\ 
YS 
4 82 < ca 
\ 
\ 
\ 
4.78 2.80 
474 2.76 
470 15.15 2.72 
4.66 2.68 
462 14.65 264 
CaCO3 CaMg(CO3)p MgCO 5 


Fic. 1. Variation of ao, co, and dios) for the Ca-Mg carbonates. The dots indicate the 
range of measured spacings for the several dolomites studied. Individual measurements for 
the dolomites and magnesian calcites are shown in Figs. 2, 3, and 4. 


account such factors as variable line broadening and consequent variable 
aa interaction. 

The cell constants of calcite have been accurately determined by a 
number of workers (see discussion by Graf and Lamar, 1955, p. 643). 
At 20° C. daiaos =3.0357 A and a(cleavage rhomb) =101° 54/3’, from 
which one obtains aj)=4.9900 A, and co=17.061; A. Using the thermal 
expansion data of Austin et al. (1940), the comparable values at 26° C. 


—_—-- 
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Fic. 2. Variation of ap for the Ca-Mg carbonates. Circles represent measurements ob- 
tained with Philips powder cameras; crosses show x-ray diffractometer results. The small 
dot is the literature value for calcite. The extension of the magnesian calcite line through 
the dolomite region has been inadvertently omitted, but passes through points 4.8085 A, 
40 mol % MgCOs, and 4.7900 A, 44.08 mol % MgCOs. 


are dy) = 4.9899 A and cy =17.064 A, from which dois) is computed to be 
3.0359 A. These literature values are plotted at the left-hand sides of 
Figs. 1-4 for comparison with our experimental determinations (Table 5). 

Diffractometer and Philips camera determinations of ap and cp for the 
magnesian calcites are plotted in Figs. 2 and 3 respectively. The lower 
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40 45 SO 55 
Mol Percent MgCOz in CaCOz 


Fic. 3. Variation of ¢o for the Ca-Mg carbonates. Circles represent measurements ob- 
tained with Philips powder cameras; crosses show x-ray diffractometer results. The small 
dot is the literature value for calcite. 


of the two straight lines in each figure is drawn through these values. 
The values of a) and cy for a calcite containing 20 mol per cent MgCOs, 
as determined by the straight lines through the plotted points, have been 
used to compute daiaoy for this composition. The calculated dyiao4) has 
been used to determine the slope of the lower of the two lines in Fig. 4, 
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2.91 
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Mol Percent MgCOz in CaCOz 


Fic. 4. Variation of denaoy for the Ca-Mg carbonates. Crosses indicate measurements 
made with the x-ray diffractometer. The small dot is the literature value for calcite. The 
straight line through the plotted points was computed from the analogous do and ¢p lines 


in Figs. 2 and 3. 


which is seen to pass satisfactorily through the plotted experimental 
points. The curvature suggested in the ap and du cos plots is less convinc- 
ing if one ignores the single point at 19.78 mol per cent MgCOs, and with 
the amount of information available does not justify drawing anything 


but straight lines, 
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The ao, co and douqos) values for the Gabbs, Serra das Eguas, Binnental, 
and Monroe County dolomites are also plotted using McVicker’s analyses 
together with the calcite-magnesite and extended magnesian calcite 
lines indicated in the dolomite region for reference. For these plots Mn** 
and Fet++ are totalled with Mgt+. The short lines through these points 
in Figs. 2, 3, and 4 have been drawn so that they connect with the mea- 
sured values for calcite if extended. This construction assumes that the 
contraction in ay and cy of dolomite relative to the averages of these values 
for calcite and magnesite results from the segregation of Ca and Mg into 
separate cation layers, as required by the dolomite structure. Ordered 
near-dolomites with some extra Ca in solid solution in Mg layers would 
have cation layers somewhat more alike, and would correspondingly re- 
tain only a proportionate part of the added packing efficiency gained by 
segregating cations. The fit of the plotted points to the short lines is a 
possible one, in view of the uncertainty in chemical analysis discussed 
earlier, but the points are too few and too close to 50 mol per cent to 
prove or disprove the assumption made in drawing the lines. 

The ap and co values obtained for ideal dolomite by noting where the 
short lines cross the 50 mol per cent composition are 4.8079 A and 
16.010 A respectively. The doiaoy value computed from these values, 
2.8855 A, is in good agreement with that read from Fig. 4, 2.8857 A. The 
accuracy of these constants is principally dependent upon the chemical 
analyses. To the extent that Mg values are high, for example, these con- 
stants will be high. 

Values for U.S. Bureau of Standards dolomite #88 and a dolomite from 
Hammondsville, Vermont, are also reported in Table 5. Sample #88 was 
studied because of the wide use of this material as a chemical standard, 
even though it is, strictly speaking, not a single-phase material. Its cell 
dimensions fall within the range of those for the other dolomites. The 
Hammondsville dolomite contains some 34 mol per cent FeCO; which 
might be expected to increase the dolomite cell size because of the larger 
cell of siderite relative to that of magnesite (Graf, ms. in preparation). 
The fact that the Hammondsville material has cell dimensions only 
slightly larger than those of the Gabbs and Serra das Eguas dolomites, 
which have the same CaCO; content, indicates how little the substitu- 
tion of Fe*+ changes the unit cell size of dolomite. 


DISCUSSION 


The ao/co ratios of calcite, dolomite, and magnesite differ significantly. 
The dp of magnesite is 7.15 per cent less than that of calcite, but cy is 
12.00 per cent less than the calcite co. For dolomite having a9=4.8079 A 
and cy=16.010 A, the comparable figures are 3.65 per-cent and 6.18 per 


Ca-Mg CARBONATES 99 


cent. It is thus not surprising that substitution of Mg into calcite occa- 
sions an anisotropic contraction, e.g., a 1.82 per cent smaller a) but a 
2.54 per cent smaller cy for calcite containing 20 mol per cent MgCO; 
in solid solution than for pure calcite. In all three of these cases the per- 
centage co contraction relative to calcite is greater than the decrease in 
@. Comparisons between the data for magnesian calcite and dolomite 
can best be made by referring them to joins connecting cy and dp values 
for calcite and magnesite. 

The data of Table 5 and Figs. 2 and 3 show that ay and cy of dolomite 
are quite close to one-half the sum of the corresponding values for calcite 
and magnesite. However, there remains a measurable contraction of both 
axes in dolomite. The graphically derived a» value for dolomite, 4.8079 A, 
is 0.074 per cent less than the ao, 4.81145 A, of an hypothetical material 
halfway between calcite and magnesite. Similarly, the co for dolomite, 
16.010 A, is 0.18 per cent less than the hypothetical 16.039; A. 

If one extrapolates the a) and co magnesian calcite curves to 50 mol 
per cent MgCOs, for comparison with dolomite, the ap and co values ob- 
tained are 0.98 per cent and 0.36 per cent less than the hypothetical 
values. On the basis of the extrapolation, the a) and co contractions for 
this magnesian calcite referred to the hypothetical values on the calcite- 
magnesite join are both greater than the corresponding contractions for 
dolomite. This would imply that the diordered equivalent of dolomite 
would have a smaller molar volume than dolomite itself, as measured at 
room temperature. 

The extrapolation of the magnesian calcite curves must, however, be 
viewed with considerable skepticism. First of all, there may be no real 
physical significance in an extrapolation to the dolomite composition. 
Although increasingly high temperatures are needed to accommodate 
larger amounts of Mg in the calcite structure (Graf and Goldsmith, 
1955; Harker and Tuttle, 1955), the composition and degree of Ca-Mg 
order of the equilibrium high-temperature phase or phases having a total 
composition of CasoMgso are not known. It has not been established that 
the disordered equivalent of dolomite exists at any temperature below 
that at which melting or some other phase change occurs. Secondly, 
the lines through the ap and cp points for the magnesian calcities may ac- 
tually be curved rather than straight, and of course may deviate even 
more in the extrapolated region. Furthermore, the mganesian calcite cell 
constants are measured on quenched samples, metastable at room tem- 
perature.* In view of the unknown thermal expansions of these ma- 
terials, especially over a temperature range in excess of 800° C., compari- 


* For example, 20 mol per cent MgCOs in calcite is stable only at temperatures greater 


than approximately 825° C. 
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son of molar volumes at other than the equilibrium temperatures could 
lead to erroneous conclusions. 

The percentage contraction figures derived above also indicate that, 
with increasing substitution of Mg, do values for the magnesian calcites 
deviate more rapidly percentagewise from the calcite-magnesite do join 
than do cy values from the cp join. Yet the a value for dolomite is per- 
centagewise closer to the ao join than is the co value to its join. This 
apparent reversal presumably results from the fact that Mgt* ions are 
accommodated in two different ways in these materials, by random ca- 
tion subsitution in the magnesian calcites and as separate cation layers 
in dolomite. 

One practical consequence is that co values may be used to define the 
composition of single-phase materials between calcite and dolomite, re- 
gardless of whether cations occur in random solid solution or in the 
ordered dolomite arrangment, with a maximum error of about 2 mol per 
cent MgCO; at 50 mol per cent MgCOs7 and lesser errors toward CaCQs3. 
This statement is contingent upon retaining the assumption made earlier 
that the relation between CaCO; content and cell size of dolomites may 
be satisfactorily approximated by a line on the cy plot connecting calcite 
and the value for dolomite of 1:1 composition, and that this line may be 
used to determine composition of materials near dolomite which show 
order reflections of proper intensity. Materials with cation disorder would 
be referred to the extrapolated magnesian calcite line, which lies about 2 
mol per cent MgCO; away for a given co near the dolomite composition. 
The probable maximum errors using a and the spacing of the strongest 
reflection, 211(104), or its higher orders, can be shown by similar rea- 
soning to be 9 and 5 mol per cent MgCO; respectively. 
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SOME PROPERTIES OF DIAMOND* 


E. N. BuntING AND A. VAN VALKENBURG, National Bureau of Standards, 
Washington 25, D.C. 


ABSTRACT 


Measurements have been made of some of the optical, electrical, and other physical 
properties of more than eleven hundred gem diamonds. Tests included infrared transmis- 
sion, spectrographic analyses, fluorescence under ultraviolet light, and conductivity meas- 


urements. 
INTRODUCTION 


Many of the differences found in the properties of natural diamonds 
could be understood if it were possible to prepare diamonds with no im- 
purity or with controlled amounts uniformly dispersed throughout the 
crystal. As many as thirteen elements have been found in small amounts 
in diamonds although any one diamond is not likely to contain traces 
of more than seven elements. It has often been suspected that the non- 
uniformity in the impurity content was associated with some of the dif- 
ferences in properties. 

One of these differences is in the ultraviolet and infrared absorption 
spectra (1). All diamonds show an absorption band in the five micron 
region and all but a few per cent also have considerable absorption over 
the 8 to 10 micron region and have been designated type I; only about one 
per cent have low absorption in this region and have been known as 
type II. This absorption band is not temperature sensitive, but the five 
micron band is sensitive to temperature and is connected with the ther- 
mal vibrations of the atoms (2). In the ultraviolet the type II is opaque at 
wavelengths less than about 2250 angstroms but type I is opaque below 
about 3000 angstroms. The opacity is lowered somewhat by long expo- 
sures (3). Those with values in between might be considered a modified 


type. 
EXPERIMENTAL DATA 


Out of eleven hundred gem-cut diamonds which were tested here re- 
cently for infrared transmission it was found that about seventy-four 
per cent were type I with very high absorption in the 8 to 10 micron 
region; twenty per cent were type I, modified, with moderate to high 
absorption; and only five per cent with moderate to low absorption 
which might be called type I, highly modified. Just ten gems were “‘pure”’ 
type II. Typical infrared patterns from a single beam spectrometer are 
shown in Figs. 1, 2, and 3, and contain the air bands present when a single 


* This work was done under ONR Contract NAonr-123-52 NRO 32402. 
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Fics. 1 and 2. Infrared transmission in type 1 diamonds. 


beam instrument is used. The resolution was not sharp because a wide 1 
mm. slit was needed to obtain a suitable pattern for the gems without 
reducing them to a powder. Since most of the diamonds were between 
0.2 and 0.5 carat and were not as long as the slit in the spectrometer, a 
platform had to be used in front of the slit to block off part of it and fix 
the gem so that the thin end just covered the top of the slit. When the 
gem was turned into the proper position, with two facets opposite one 
another, enough energy was admitted to give an acceptable pattern. 
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Fic. 3. Infrared transmission in type 2 diamonds. 


It is apparent that this procedure does not give a quantitative measure 
of the transmission but is sufficient to indicate the type of gem being 
measured. 

It is well-known that traces of impurities can change the color of some 
materials and it has been thought that the 8 to 10 micron absorption 
was an illustration of this fact. Some substantiation of this view has been 
reported by Chesley who found that the purest diamond among thirty- 
three was the only one which was a type II (4). 

Three of each type were analyzed by spectrographic methods in our 
laboratories. The surfaces of the gems were cleaned with alcohol, aqua- 
regia, and distilled water before being analyzed. The results are given in 
Table 1. Thirty-six other elements were tested for but not found. No test 
was made for cesium, lithium, potassium, rubidium, or the rare-earth 
elements. There appears to be no evident correlation between the amount 
of impurity and the type of diamond, as one type I was as low as the type 
II in contaminants. To confirm further this conclusion, five additional 
diamonds, all type II, were analyzed and most of them were found to 
have as much impurity as any of the type I in the first group. These tests 
indicate that differences in impurity content cannot account for the 
variations in the absorption spectra. There is still the possibility that the 
presence of traces of the elements not tested for may be connected with 
the differences in absorption. Among others, Brophy (5) and Bishui (6) 
are of the opinion that the absorption differences between the two types 
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are due to impurities, while Raman (7) believes these differences are 
connected with crystal structure variatious. 

Another variable property is the intensity and color of fluorescence un- 
der ultraviolet light. None of the ten type II, or of the type I highly 
modified gems showed any fluorescence. Those of type I which fluoresced 
always gave a blue or blue-green color. Several of the type I, slightly 
modified, and some of the type I, modified, also gave this color. No other 
color was noted in any of the gems tested, but one of the modified type 
which had a yellow-green fluorescence was reported by Rendall (8). This 


TABLE 1. RESULTS OF SPECTROGRAPHIC ANALYSES 


Type II 


Type I 
Element : 
No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 
Al AP —? T (rap —? Bae) 
B 4p —? ap — VW — 
Ca W — W VW ar = 
Cu VW FT ‘I VW FT FT 
Fe 40 —? w VW ap FT 
Mg as a at VW aly FT 
Na W = WwW W — = 
Si VW FT av VW qT FT 


In general the symbols indicate the following concentration ranges as parts per millon 
of metal in the diamonds: W, 100-1000 ppm; VW, 10 to 100 ppm; T, 1 to 10 ppm; FT, less 
than 1 ppm; and dash (—), not detected. The gems weighed from 25 to 50 mg. each. 


phenomenon has been thought to be connected either with structural 
differences or with the presence of the right impurities in the proper pro- 
portions. From ten to fifteen per cent of any batch of fifty or more gems 
showed fluorescence under a commercial ultraviolet lamp, emitting 
radiations between 2400 and 4000 A, with peak emission at 3200 A, and 
with about 700 microwatts per cm? of U-V energy. 

Although the diamond crystallizes in the cubic system and would be 
expected to be isotropic, the type I often shows birefringence. The type 
II is isotropic, or nearly so. It might seem plausible to attribute any 
anisotropy to the presence of impurities which could be expected to cause 
internal strain. Variations in the distribution of the contaminants might 
account for the various birefringence patterns that have been observed. 
We made no tests for birefringence. 

Some diamonds have been found with a graphite coating which could 
have been formed while hot under diminished pressure, as the change 
always begins at the surface. Although diamond is not stable under 
ordinary conditions, its rate of transformation to graphite is practically 
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zero and only above about 1300° C. does the rate become perceptible 
(9). When the thermal vibrations of its atoms become large enough to 
exceed 0.14 A, the change to graphite can occur only under very high 
pressure. At 1500° C. this pressure must be greater than about 40,000 
atmospheres and becomes higher with increasing temperature (10). One 
of the values used in calculating the graphite-diamond equilibrium is 
the thermal expansion. Previous measurements had not been made above 
1000° C., but recently the thermal expansion has been determined here 
by x-ray methods to temperatures as high as 1400° C. (11). From 0° to 
1400° C. the linear thermal expansion was found to be 0.58 per cent, 
with the coefficient changing from 1.310-* at 25° C. to 7.0X10~* at 
1400° C. 

Nearly all diamonds are good electrical insulators but a new rare type 
which is a semi-conductor was reported by Custers and designated type 
IIb (12). All blue diamonds are type IIb but not all of this type are blue. 
Their conductivity is attributed to the presence of many lattice defects 
probably produced by radiations from radioactive substances at one 
time in the vicinity of the crystal. This type will act as a crystal rectifier 
for small alternating currents. Types I and II do not conduct appreciably 
except at elevated temperatures. In measurements we made it was found 
that the conductivity versus temperature curve for these types showed 
a marked inflection at 750° to 800° C. which was present on both heating 
and cooling in helium from a maximum of 1250° C. Above 800° C. the 
conductivity increased much faster than at lower temperatures. No 
difference between the two types was shown by this test. 

We are indebted to B. F. Scribner and Mrs. M. M. Darr of this 
Bureau for the spectrographic analyses, and to C. D. Smithson, of the 
General Services Administration, who obtained the diamonds for the 
Bureau of Standards. 
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A CHLORINE-RICH BIOTITE FROM LEMHI COUNTY, 
IDAHO 


Donatp E. Ler, Stanford University, California. 


ABSTRACT 


A metamorphic biotite from Lemhi County, Idaho, has a chlorine content of 1.11 per 
cent and a fluorine content of 0.23 per cent. The biotite occurs in schist, associated with 
garnet, muscovite and quartz, smaller amounts of tourmaline and zircon, and a few rare 
grains of sphene. A complete analysis is given for the biotite, the mineralogy of the schist is 
described, and the features of its field occurrence are outlined. 


GEOLOGIC OCCURRENCE 


A reconnaissance survey of the area was made in August, 1955. Biotite- 
garnet schist crops out for a distance of several hundred feet at about 
45°07" N, 114°18’ W, in Lemhi County, about 23 miles west of Salmon 
City, Idaho. The exposure is on a steep face along the north side of Big 
Deer Creek, about two miles east of its junction with Indian Creek. 

The biotite-garnet schist occurs as irreglar pods, as much as six feet 
across, along the entire exposed length of a narrow shear zone that 
strikes northeast and dips about 30° NW. The shear zone is developed 
in a folded quartz-biotite schist of pre-Cambrian age. Acidic dikes, strik- 
ing north-south, cut the quartz-biotite schist within 200 yards east of the 
shear zone; beyond the northern end of the shear zone the strike of these 
dikes swings toward the northwest. Granite has intruded the quartz- 
biotite schist within 500 yards of the shear zone both to the north and to 
the east, forming an arcuate contact concave toward the southwest. The 
acidic dikes were not observed to cut the granite. 

Basic dikes also are exposed in the area, and the biotite-garnet schist 
may be a metamorphosed basic dike. Whether the rock is a metamor- 
phosed dike or a rock developed in place out of sheared material, meta- 
somatism has certainly played a role in its formation. The chlorine and 
fluorine contents of the biotite and the presence of tourmaline (boron) 
in the biotite-garnet schist are evidence of metasomatism; moreover the 
quartz-biotite schist “country rock” bordering the shear zone is locally 
impregnated with sulphides. Erythrite (cobalt bloom) and secondary cop- 
per minerals are present here and there immediately adjacent to the pods 
of biotite-garnet schist, and the shear zone along which this schist occurs 
probably has exerted a structural control on the sulphide mineralization. 
(Cobalt and copper have been known. in this area since 1901. See for 


example Umpleby, 1913, pp. 71, 72 and 160.) 
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MINERALOGY 
Biotite 

This mineral makes up about 60 per cent of the rock. In thin section 
some garnet grains are seen to be partly rimmed by a thin coating of chlo- 
rite, formed mostly at the expense of biotite and suggesting incipient retro- 
grade metamorphism. Also, a few biotite grains contain inclusions of 
zircon, some of which are surrounded by dark (not pleochroic) halos. 
But on the whole the biotite is remarkably fresh and free of inclusions, 
and the preparation of a clean fraction for analysis was acually a simple 
matter, certainly an unusual circumstance in the case of metamorphic 
biotite. 

The following physical properties were determined on the material 
analyzed: Specific gravity 3.21+.01; a=1.605 + .003, 8= y= 1.668 + .003; 
y—a=.063; 2V=0°, or practically 0°, and pleochroism pronounced, 
with X =light olive green, and Y=Z=very dark olive green. The chem- 
ical analysis is given in Table 1. 

The composition of this metamorphic biotite combines some of the 


TaBLeE 1. BiotirE, LEMui County, IbAHO 
Analyst: Eileen H. Oslund 


Weight per cent Metal Atoms/12 Oxygens 

SiOz 33.09 2.69 

131 4.00 
AlO; 17.65 1.69 

.38 
TiOz 1.30 .08 
FeO: 2.42 a1, 
FeO PRY) Ie. 1.98 2.93 
MnO 04 .003 
MgO 2.83 34 
CaO .10 01 
Na,O mali 02 
Rb,O .10 .005 .98 
KO 9.04 94 
BaO 09 .003 
H,0t 2.92 1.58 
F AS .06 1.79 
Cl toll 15 
H,O7 04 
Total 101.31 


Less O=F & Cl 034 


99.97 
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distinctive features of igneous biotites of several different parageneses 
(Heinrich, 1946, and Nockolds, 1947). For example, the high FeO con- 
tent is what one might expect to find in biotite from granitic pegmatites 
or from alkalic igneous rocks, while the extremely low MnO is more 
typical of biotite associated with pyroxene and/or olivine. 

But it is the chlorine content of this biotite that is most noteworthy. 
The highest chlorine content previously reported for the mineral is 0.24 
per cent, in siderophyllite from Brooks Mountain, Alaska (Gower, 1957, 
p. 154). Other chlorine contents reported for the mineral are: 0.20 per 
cent, in biotite from a quartz monzonite at Butte, Montana (Weed, 1899, 
pp. 742-743) ; 0.18 per cent, in biotite from a quartz monzonite at Rock- 
ville, Minnesota and 0.11 per cent, in biotite from St. Lawrence County, 
New York (Kuroda and Sandell, 1953, pp. 889, 891). Kuroda and Sandell 
(1953, p. 889) state: ‘‘Determinations of chlorine in biotite are scarce, 
but the data available indicate that as much as 0.2 per cent is not un- 
common.” Correns (1956, p. 192) also points out the lack of information 
on chlorine in biotites. 

The high chlorine content has no apparent effect on the optical prop- 
ertities of the Idaho biotite. Hall (1941) has related the color of biotites 
to their contents of FeO, MgO, and TiOs. The color of the Idaho biotite 
is in accord with Hall’s findings. Heinrich (1946, p. 347) has graphed the 
relationship between index of refraction (vy) and chemical composition in 
the biotite-phlogopite series. Values for the Idaho biotite cross at a point 
almost exactly on his curve. 


Garnet 


Garnet, present almost exclusively as discrete euhedral grains 1-3 mm. 
across, makes up about 30 per cent of the rock. In impressive contrast to 
the biotite, the garnet is dirty with tiny inclusions. These are tourmaline, 
zircon, possibly rutile, and grains of unidentified material. 

In grains of 0.07 mm. size the garnet has a pale mauve or lilac color 
in reflected light. In transmitted light these are pale pink to colorless, 
but grains of 0.15 mm. size exhibit a definite reddish hue. In addition, 
the following properties were determined: Specific gravity maximum 
4.24+.01, minimum 4.20+0.1, average 4.22; index of refraction maxi- 
mum 1.818+.003, minimum 1.814+.003, average 1.816; and unit cell 
size 11.550 A+.003. The MnO content was determined by C. O. Ingamells 
of the University of Minnesota Rock Analysis Laboratory, to be 1.64 
per cent, which is equivalent to a spessartite content of 3.8 molecular 
per cent. 

Fleischer (1937), in a statistical study of 57 garnet analyses, confirmed 
Ford’s (1915) thesis that there is a direct relationship between chemical 
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composition and physical properties in the garnet group. The specific 
gravity, index of refraction and unit cells size values determined for this 
mineral suggest that other end member garnets (along with spessartite) 
are present in molecular per cents about as follow: almandine, 81-83; 
pyrope, 8-10, and grossularite and andradite, 5. 


Tourmaline 


Tourmaline is estimated to make up less than .05 per cent of the rock. 
It occurs as unzoned euhedral to subhedral grains, generally with biotite, 
but in some instances included in garnet. In both cases the c axis of the 
tourmaline tends to parallel the general schistosity of the rock. The 
tourmaline crystals associated with biotite are fairly uniform in size, with 
an average length of about 0.06-0.07 mm.; the grains included in garnet 
are somewhat smaller. 

The following physical properties were determined: Specific gravity = 
3.18+.02; uniaxial, with o=1.665, ¢=1.635; both +.003; 0—e=— 030, 
and pleochroism intense, from dark bluish green or black (0) to pale 
reddish violet (e). Therefore the mineral must contain a high molecular 
per cent of the iron tourmaline, schorlite, which one would expect in 
view of the compositions of the associated minerals. 


Zircon 


This mineral probably comprises less than 0.1 per cent of the rock, but 
the small portion recovered during fractionation work is worthy of special 
note. In reflected light the mineral has an ash-gray color. Under the mi- 
croscope most grains are 0.05—0.15 mm. long, and although zircon is noted 
for its resistance to attack and alteration, these grains have suffered 
severe corrosion and pitting; crystal faces have been completely obliter- 
ated. Perhaps these zircons were originally detrital in the quartz-biotite 
schist ‘‘country rock,” only to be mixed with the basic dike during the 
time of shearing. Thus incorporated into the original materials of the 
biotite-garnet schist, they would be exposed for a time to the rigors of a 
pneumatolytic environment. 


Other Minerals 


Muscovite, intergrown with the biotite, probably amounts to more 
than five per cent of the rock. Quartz is only about a third as abundant 
as muscovite. A few rare grains of fresh-looking sphene were encountered 
during the fractionation process, but this mineral is not apparent in thin 
section. Minor quantities of an unidentified yellow secondary mineral 
are forming along fractures in the garnets. 
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CONCLUSIONS 


As mentioned above, Kuroda and Sandell (1953, p. 889) and Correns 
(1956, p. 192) have pointed up the need for further determinations of 
chlorine in micas. To this one might add that the presence of chlorine is 
especially to be suspected when careful analysis of a mica gives a low 
total for the oxides and fluorine, and calculations show the deficiency to 
be in the (OH) group. 
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NOTES ON TAPIOLITE, WITH SPECIAL REFERENCE TO 
TAPIOLITE FROM SOUTHERN WESTLAND, 
NEW ZEALAND 


C. OsBorRNE Hutton, Stanford University, California. 


ABSTRACT 


An occurrence of rare particles of the multiple oxide tapiolite in beach sands near 
Otorokua Point, southern Westland, New Zealand, is recorded. For this mineral the fol- 
lowing data have been determined: Ona=2.33+0.01, Ena=2.53+0.04. E—O=0.20. 
O=pale brown, E=reddish-brown to opaque. E>O. S.G.2°c.=7.65. X-ray diffraction 
powder patterns show that the mineral has a true trirutile structure with unit cell dimen- 
sions of a)=4.750 A, co=9.208 A, and with d-spacings and intensities that are comparable 
to those recorded for analyzed tapiolite from Brazil and Morocco, but distinct from the 
pattern yielded by unheated tapiolite from Skogsbole, Finland. The latter occurrence is 
shown to have a rutile structure but, after appropriate heat-treatment, a trirutile structure 
is developed with resultant denser packing of the atoms. Unit cell dimensions for ordered 
and disordered Skogsbole tapiolite, determined from quartz-calibrated Weissenberg films, 
are d)=4.752 A, co=9.204 A, and ap=4.753 A, and co=3.092 A respectively. 


INTRODUCTION 


A recent examination of some specimens that were collected in southern 
Westland, New Zealand in the early part of 1954, led to the recognition of 
kobeite as a constituent of a granite boulder from the gravels of the 
Paringa River. In order to determine if this or other tantalum-niobium- 
titanium-bearing minerals might be represented in the heavy mineral 
assemblages of the local sands and silts, a careful study was made of a 
number of concentrates also obtained at that time. Kobeite has not been 
detected so far in any of these samples, but rare particles of tapiolite 
were isolated from two concentrates obtained by panning blacksand 
paystreaks on the beach just north-east of Otorokua Point, north-east 
of the mouth of Cook River (latitude 43°25’ South, longitude 169°48’ 
Fast). 

Consequently this is the second tantalum-rich mineral that has been 
recorded from southern Westland but, unfortunately, neither mineral 
has been found in situ and both appear to be distinct rarities.! The only 
other tantalum-bearing minerals recognized and recorded from New 
Zealand are cassiterite and monazite (Hutton, 1950, pp. 656-658; 667— 
669) from southern Nelson and northern Westland, and yttrotantalite 
from Collingwood, Nelson (Morgan, 1927, p. 107); furthermore Morgan 
(1927, pp. 99) has stated that concentrates from Addison’s, near West- 
port, Nelson, have been found to contain considerable amounts of Ta2Os, 


* An occurrence of kobeite in boulders from Paringa River has been described recently 
(Hutton, 1957). 
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but in this instance the specific tantalum-bearing mineral or minerals 
have not been recognized. 


MINERALOGY 


After removal of ferromagnetic material, 9.6% and 10.2% respectively, 
from two 3 kg. samples the concentrates were screened? to give the follow- 
ing fractions: +32: 3.0%, 3.4%; —32+60: 30.8%, 32.6%; —60+115: 
99-179, 22.9%; —115+250: 0.8%, 0.5%; —250: 0.1%, 0.4% respec- 
tively. These fractions, the two finest grade sizes excepted, were care- 
fully fractionated in Clerici solution that had been adjusted to a density 
of 4.0, and the heavy fraction of each grade-size was subsequently split 
electromagnetically into several fractions. The resultant material was 
then studied in oblique illumination with a binocular microscope. 

Rare particles of tapiolite were found in the small concentrates at- 
tracted at 0.45 amps. and rejected at 0.3 amps.’ in both—16+32 and 
—32-+60 mesh material. Garnet and monazite were the chief associates 
of tapiolite in these fractions, whereas, in the same size-fractions un- 
treated in Clerici solution but electromagnetically separated, clinozoi- 
site-epidote, clear brown and intensely dichroic tourmaline, non-metamict 
allanite, pale pink garnet, sphene, monazite, and composite fragments 
were recognized. 

Tapiolite forms highly irregular conchoidally bounded particles with 
vitreous luster, that are opaque in oblique illumination except at the 
thinnest edges. In transmitted light very fine fragments of the mineral 
are translucent and deep brown to red-brown in color. All fragments ap- 
peared to be devoid of inclusions and free from any alteration phenom- 
ena. The refractive index of the ordinary ray was determined to be 2.33 
+0.01 in sodium light, but a value for E is reported with considerable 
reservations, viz. 2.53na, because the intensity of absorption for the 
extraordinary ray only permitted one to obtain results reproducible 
within a range of +0.04. Dichroism is intense with O=pale brown, 
E =deep reddish brown; opaque in thicker fragments; E > O. The specific 
gravity, determined for a coilection of particles that had a total weight 
of 11.9 mgm., is 7.65 at 21° C., a figure that definitely points to a highly 
tantalian variety rather than to mossite. Isolated fragments of tapiolite 
were found to have a narrow range of magnetic susceptibility, since they 
were rejected at 0.40 amps. but attracted at 0.45 amps., with the Frantz 
separator set as for the main fractionation reported above. . 

Excellent «-ray diffraction powder patterns of the trirutile type were 


2 Tyler standard screen scale. : 
: 4 : 
8 The Frantz separator was set as follows: tilt 10°, slope 15°. 
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obtained and the d-spacings and relative intensities (Table 1) are, except 
for quite minor points, closely comparable to those recorded by Tavora 
and Peixoto (1951, p. 451) and Permingeat (1955, p. 137) for tapiolite 
from Mecejana, Brazil, and Iguerda and Tazenakht, French Morocco, 
respectively. A number of very faint lines and the rather weak (505) 
reflection yielded by southern Westland tapiolite are not recorded by 
Permingeat (1955, p. 137, Table 1), although they may be seen in the 
author’s own film yielded by Angarf, Plaine de Tazenakht tapiolite. 
Tavora and Peixoto (1951, p. 451, Table 1) do not record very weak re- 
flections at 1.930 A, 1.134 A, .978 A, although Tavora (1955, Fig. 6B) 
does indicate the presence of the (226) reflection, that is the second of 
the lines just noted, in his photograph of a tapiolite powder pattern. It 


TaBLeE 1. X-Ray Drrrraction Data FOR TAPIOLITE FROM WESTLAND, NEW ZEALAND 
AND SKOGSBOLE, FINLAND 


Radiation: CuKa (\=1.5418 A). Camera Diameter: 114.59 mm. 


New Zealand Skogsbole, Finland 
Unheated Heated Unheated 
hel d. meas. d. calc. I d. meas. d. calc, 1 d. meas. d. calc. I hkl 
A A A A : A A : g 
002 4.62 4.60 2 4.58 4.60 2 
101 4.22 4.23 3 4.22 4.22 3 
110 SiOi 3.36 10 a6) 3.36 10 Sa85) 3.36 10 110 
112 Ded fil 2.716 2 PY talP) Dds 2 
103 2.58 2.58 9 2.572 2.578 9 2.58 2.59 9 101 
200 IESE) 2.374 5 We syiltt Pols) By eri Zasil 5 200 
004 2.300 2.301 <1 
113 2.265 2.267 2 2.265 2.265 2 MDT Depa 2 111 
210 Dyas NOS) il 225) 2.126 1 Danle2, Paap: il 210 
202 2.114 Pe Sabi 1 NGI BNP 1D 
211 2.067 2.070 Z 2.069 2.071 2 
212 1.930 1.930 <a 
114 1.900 1.899 <1 1.900 1.899 1 
213 | 1.747 1.748 9 1.745 1.746 9 5; 1.753 9 211 
105 1.716 1.718 <i 1.714 USP Ay) 1 
220 1.677 1.679 5 1.679 1.680 5 1.678 1.681 5 220 
204 1.652 WES) Kil 1.651 1.653 1 
222 WEBICTES NESE 1 Leo 1.579 1 
301 1.560 1.560 <i 1.562 1.562 <i 
006 1.534 15535) 2 1 OSS 1.534 2 1.546 1.546 2 002 
310 iSO) 1.503 5 1.502 1.504 5 1.503 12505 5 310 
312 1.429 1.429 1 1.428 1.430 1 
303 1.407 1.407 5) 1.408 1.408 5 1.411 1.411 5) 301 
116 | 1.395 1.396 5 1.397 1.396 5 1.405 1.405 5 112 
IANS 1.392 1.392 
224 Loo 1FS5u <1 ls357 SSF <i 
321 1.302 1.303 <i 1.304 | 1.305 <i 


I: Intensity, determined visually 
D: Diffuse line. 
B: Broad line. 
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TABLE 1. (continued) 


New Zealand Skogsbole, Finland 
| oa Unheated Heated Unheated 
hel d. meas. | d. calc. I d. meas. | d. calc. d, meas. | d. calc. | 
A A A A I. A in in hkl 
| 206 1.289 1.289 3 1.290 1.29 5 
| ae Hees ee 2 1.2985 | 1.296 2 202 
314 1.256 Tveay! ai | 1.258 1.258 sc 
323 1212 PASTE 4 1.210 eA} 
ee fear nn decay A213 4 321 
400 1.188 1.188 it 1.188 1.188 1 1.189 1.189 1 400 
410 WMS ih eiley <a Lel53 1.154 1.154 <1 410 
402, 008 1.150 1.150 <a 1.151 Waals <i! | 
411 1.144 eS |) <<! 1.145 1.144 <i 
226 1.134 1.133 1.134 5 | 
330 feign eel Z : a ial ; a! Ee ; ae 
118, 332 1.0895 | 1.089 il 1.090 1.089 1 
413 10785 (P1081 3 1.079 1.079 3; 1.080 1.081 3D 411 
316 L075 1.074 3 1.074 1.074 2 1.079 1.079 3D 312 
325 1.072 1.072 
420 1.063 1.062 2 1.063 1.063 <1 1.063 1.064 1 420 
404 1.055 1.056 
208, 422 1.036 1.036 <1 1.036 1.036 <1 
307 SO?) HOU, 
334 1.007 1.0075 
109 1.001 1.000 2 1.001 1.000 1 1.008 1.008 1 103 
415 .978 -977 <i 977 977 < 
424 -965 -965 <i -965 -965 <1D 
228 951 -950 <<il -950 -950 <t 
431, 501 -946 945 <a -946 .946 <1 
406 .940 940 Pd .9405 940 2 -9435 -942 1 402 
327,510 -932 -932 2 -932 -932 2 - 933 932 1 510 
416, 219 923 .922 3 .922 eO22 3 -929 O27 2 | 412, 213 
318,512 SHS 914 <a 9145 .914 <1 
433, 503 -9085 .907 4 908 908 4 -910 . 9085 4BD | 431,501 
336 -906 .905 4 905 905 4 - 9065 -9065 4D 332 
1-1-10 889 888 
521 .878 .879 
426 .874 .874 3 .874 .874 3 877 8765 3 422 
417 . 866 - 8665 
514 al . 864 \ 
309 . 860 8595 864 863 1 303 
See 2° eo g Be { 8585) 2 
523 849 . 848 4 849 849 4 8495 .849 3 521 
505 845 845 2 846 845 1 
440 840 840 1 .8405 | .840 1 841 .840 1 440 
408, 442 827 BLOGs <a .827 827 <1 
530 .815 815 2 .815 815 2 8155 .815 1 530 
329 8095 | .809 4 .809 .809 4 
532 . 8035 . 803 | . 803 . 803 1 
516 7975 .197 5 7197 197 5 . 800 nf 99 512 
525 . 796 796 
600 793 aie 1 . 71925 7925 1 .7925 792 <1D 600 
444 .789 -790 
3°1°10 .785 . 785 
602, 428 g782. | 780° | <1 HO || sree || Ih 
611 .779 SHS || << .779 .779 are 
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might be noted here that Tavora (1955, Fig. 6B) incorrectly labels the 
reflection at 1.001 A in his film as (104) instead of (109). 

Employing powder patterns of southern Westland tapiolite, tentative 
values for a) and co were subsequently refined to give a9=4.750 A and 
co = 9.208 A; this leads to a ratio do:c of 1:1.9385, that is intermediate in 
value to those recorded by Palache, Berman, and Frondel (1944, p. 775) 
for the tapiolite-mossite series, viz. 1:1.941 to 1:1.936, yet larger than the 
ratio of 1:1.942 reported by Tavora and Peixoto (1951, p. 451). Further- 
more, the close relationship between the structures of tapiolite and rutile 
is clearly brought out if the value co/3a9 for southern Westland tapiolite 
is compared with the ratio ao:co for rutile, vz. 0.646 and 0.644 respec- 
tively (cf. Goldschmidt, 1926, p. 18). 

For comparative purposes a powder pattern was obtained with tapio- 
lite from Skogsbole, Finland and, while the latter is comparable in a gen- 
eral way with the pattern yielded by southern Westland tapiolite, a con- 
siderable number of lines present in the film yielded by the latter mineral 
are absent from the former, but the relative intensities of the lines com- 
mon to the two films are quite similar. Furthermore, there are significant 
shifts in the relative positions of several of the stronger lines; reflections 
at 1.411 A, 1.405 A, 1.139 A, 1.080 A, 1.079 A, and .929 A are especially 
noteworthy in this connection. If HaeHicns of Skogsbole tapiolite are 
now heated in vacuo at 600° C. for ? hour a pattern is obtained that is 
identical to that yielded by ee Westland tapiolite, except for a 
very slight shift in the positions of lines due to somewhat different cell 
dimensions in the two cases, and a slight diffuseness in the reflections at 
high 26 values in the film of the former mineral. However, if Skogsbole 
tapiolite is heated in vacuo at 1200° C. for one hour, the lines in the 
back-reflection region of the pattern are quite clearly and precisely re- 
solved. 

This situation is clearly indicative of an order-disorder relationship for 
the tetragonal compound Fe(Ta,Nb)2O¢, a condition that has already 
been noted for tapiolite from Ross Lake, Northwest Territories (Hutchin- 
son, 1955, p. 443), and for a number of AB2X¢— compounds in general 
Bystrém, H6k, and Mason, 1941, pp. 1-8). In most of the films yielded 
by unheated or disordered Skogsbole tapiolite traces of a number of 
weak lines, normally found in the ordered phase, were detected. This 
would seem to suggest that, in unheated tapiolite, domains exist in the 
crystals in which some degree of order is apparent, and others that are in 
a state of disorder. In an attempt to verify this situation a number of 
very small particles of unheated Skogsbole tapiolite, 0.1 mm. in diameter, 
were hand-picked, crushed in gum tragacanth, and x-rayed. The films 
yielded by these preparations appear to support the suggestion just of- 
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fered since a number of the lines due to the trirutile structure are present 
although faint in some films, but only barely detectable in others. 

After a number of attempts, a fragment of Skogsbole tapiolite was ob- 
tained that yielded a rotation photograph that was strictly of the rutile 
type. Measurements of rotation and quartz-calibrated Weissenberg 
films led to cell dimensions of ay= 4.753 A and Gy =SOOY A, both values 
+0.002 A. This identical crystal fragment when heated in vacuo at 
1200° C. for one hour yielded a- (cr b-) axis rotation films with the same 
number of layer-lines as found for similar orientations of unheated tapio- 
lite, but with many more reflections present than in similar films of the 
unheated mineral. The recrystallized mineral yielded c-axis photographs 
with six layer-lines compared with only two in the unheated mineral, 
and the 3rd layer of the former corresponds to the 1st layer of the latter. 
Furthermore, the reflections of the zero and 3rd layers are very much 
more intense than those in the 1st, 2nd, 4th and Sth layers, all of which 
are relatively weak. Accordingly a marked superlattice is evident in the 
trirutile or ordered form. 

Measurements of the rotation and quartz-calibrated Weissenberg 
films yielded by heated Skogsbole tapiolite, give unit cell dimension of 
ao= 4.752 A and co=9.204 A, +0.002 A. Now if we compare these data 
with the unit cell dimensions, a9=4.753 A and 3Xcy=9.278 A, deter- 
mined for the unheated or disordered Skogsbole tapiolite it is clear that 
the ordered form, with a trirutile structure, has a cell volume that is dis- 
tinctly less than that of the disordered phase, namely 207.840 A* and 
209.599 A? respectively. The specific gravities of unheated and heated 
Skogsbole tapiolite are interesting in this connection. For three frag- 
ments the following specific gravities were measured’ before and after 
heating to 1200° C. for one hour in vacuo; the weights of the particles 
used are recorded in parentheses in each case: 7.50, 7.51 (9.70 mgm.); 
7.50, 7.51 (10.95 mgm.); 7.502, 7.508 (18.46 mgm.). 

In Table 1 the measured and calculated d-spacings for unheated, but 
ordered, tapiolite from south Westland are set out and are compared 
with the data obtained for both the ordered and disordered phases of the 
Skogsbole mineral. In the ordered forms it should be noted that a number 
of weak reflections were found on Weissenberg films, which have not been 
detected in the powder patterns. 

An attempt has been made to determine the amount of heat-treatment 
required to cause an approach to a state of order in Skogsbole tapiolite, 
and a summary of this work is set out in Table 2. In every case samples 
were sealed in vacuo in silica or high-silica glass capillaries; then each 


4 These figures represent the average of five determinations in each instance, 
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TABLE 2. SUMMARY OF RESULTS OBTAINED BY HEAT-TREATMENT 
OF SKOGSBOLE TAPIOLITE 


Menpaine. Cs Period of heating Result 
300 12. 4.8) 12524 hrs: Disorder maintained. 
168 hrs. Disorder maintained. 
450 24 hrs. Disorder maintained. 
48 hrs. Slight amount of ordering. 
500 1253242 Se /ehis: Disorder maintained. 
153 hrs. Almost completely ordered. 
24 hrs. Complete order. 
600 5, 10, 15, 20 mins. Disorder maintained. 
25, 30 mins. Slight degree of order. 
35 mins. Almost completely ordered. 
45 mins. Ordered. 
1200 i dave. Ordered. 
1360 30 mins. Slight amount of disorder. 


tube was inserted in turn into an already heated furnace, and after the 
correct period of heating, the tube was withdrawn, and cooled rapidly to 
room temperature. 

In films yielded by fragments heated at 1360° C., a marked diffuseness 
was evident in reflections at high 26 values, and this effect may result 
from either of two situations: (a) the disordering temperature may have 
been reached, or (6) decomposition has commenced, but since no sinter- 
ing together of fragments or dulling of the sharp edges of conchoidally 
fractured particles occurred as a result of heating, the first alternative is 
tentatively believed to be the more acceptable. 
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ALTERATION OF OLIVINE AND ORTHOPYROXENE IN 
BASIC LAVAS AND SHALLOW INTRUSIONS 


H. G. WitsutreE, University of Sydney, Sydney, Australia. 


ABSTRACT 


Alteration products of olivine and orthopyroxene, previously identified as iddingsite, 
bowlingite, and serpentine among other minerals, have been found to consist predominantly 
of mixed layer smectite-chlorite with a variety of accessory minerals. Alteration products 
from shallow basic intrusions may contain antigorite or chrysotile as well as smectite- 
chlorite, and are much richer in MgO than those from basic lavas. Optically isotropic 
varieties (chlorophaeite) are closely associated with smectite-chlorite minerals and some- 
times have a poorly developed chlorite (?) structure. 

It is probable that all of these secondary minerals can form by deuteric alteration, but 
evidence is presented which suggests that oxidized varieties (commonly containing goethite) 
may also form by weathering of green varieties. Implications of chemical and physical 
properties are discussed and it is concluded that equal volume replacement of Mg-rich 
olivine or orthopyroxene in basic lavas results in selective leaching of Mg which may be 
removed from the altered rock and recombined in the same secondary minerals in joints. 
Quantitative data for the effects of alteration on bulk composition of the enclosing rock 
are presented. In shallow intrusions, where there is little evidence of Fe-enrichment in 
residual solutions, complete solution of olivine is possible. Application of these results to 
some problems in soil clay mineralogy is briefly considered. 


INTRODUCTION 


Although many optical, chemical and «-ray data are now available for 
alteration products of olivine and orthopyroxene in igneous rocks, little 
attempt has been made to organize these data, with the consequence that 
relations among alteration products are not clearly understood and mis- 
identifications based on inadequate data are common. The object of this 
study is to identify typical alteration products by x-ray techniques, to 
attempt an integration of ideas concerning their mode of origin and rela- 
tionships, and to discuss possible implications of these relationships. A 
sampling problem is recognized in view of the widespread occurrence of 
these minerals and has been accounted for to some extent by selection 
of material from widely separated localities. 


PREVIOUS WoRK 


It is impossible to be exhaustive in the treatment of previous work, for 
the literature on these minerals is very large. Among the more important 
contributions are those of Ross and Shannon (1926) whose chemical 
formula of iddingsite is quoted in most textbooks, Peacock and Fuller 
(1928) who have presented the most comprehensive study of the occur- 
rence and mode of origin of chlorophaeite, and Caillere (1935) and Cail- 
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lere and Henin (1951) whose x-ray and thermal studies of bowlingite 
have led to redesignation of this mineral as saponite. 


METHODS OF INVESTIGATION 


X-ray powder photography using a Philips X-ray Diffraction unit was 
the principal method used in identification. Filtered copper radiation was 
found adequate except with optically isotropic material. Some basal spac- 
ing expansions were obtained from oriented aggregates using a Philips 
Geiger Counter Spectrometer with filtered copper radiation. 

Refractive index measurements were made with standard immersion 
oils which were checked with a Leitz-Jelley refractometer. Olivine compo- 
sitions were determined from n, using Kennedy’s curves (Troeger, 1951, 
p. 37). Refractive indices of the alteration products are quoted only to the 
nearest second decimal place because the index varies with the type of 
immersion oil used. 

Plagioclase compositions were determined with the universal stage 
microscope using Turner’s (1947) method and van der Kaaden’s (1951) 
data. All measurements of 2V were also made with the universal stage 
microscope. All other mineral identifications and fabric descriptions were 
made with a standard petrographic microscope. 


MobDE OF OCCURRENCE AND IDENTIFICATION 


In basic lavas olivine and orthopyroxene are commonly altered to a 
reddish-brown substance with high birefringence and refractive indices 
ranging from approximately 1.61 to 1.86. This is usually identified as 
iddingsite if it is pseudomorphic after olivine, and is assigned the chemical 
formula, MgO: Fe203:3SiO.-4H2O (Ross and Shannon, 1926). Average 
chemical analyses of iddingsite are given in Table 4A. Optically identical 
material in amygdules and joints is sometimes called chlorite. A recent 
x-ray investigation of iddingsite (Ming-Shan Sun, 1957) revealed the 
presence of goethite mixed with amorphous substances. peat 

A green substance with moderate birefringence and refractive indices 
ranging from approximately 1.48-1.62 is also a common alteration prod- 
uct of olivine and orthopyroxene and is exceptionally abundant in shallow 
basic intrusions. Optically identical material occurs in amygdules and 
joints. This material has been assigned a wide variety of mineral names 
including bowlingite, serpentine, chlorite, nontronite, saponite, and 
vermiculite. Average chemical analyses, all of saponite from shallow in- 
trusions, are given in Table 4A. X-ray and thermal studies by Caillere 
and Henin (1951) indicated a montmorillonite-type structure and this, 
combined with the chemical composition, led them to redefine bowlingite 
as saponite. Other «-ray powder studies of minerals fitting the optical 
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TABLE 1. X-RAY Data: SAMPLES UNTREATED 


Group 1 
1 2 3 4 
d ie Idt d I Id d it Id d I Id 
KON am 8 14.0A m 5S 15.494 ms §S GN 
4.80 vw iS) 4.92 vw GES 4.52 s 5 720) mw K 
4,46 m S 4.49 ms Ss 4.30 vw Fe 4.47 s K 
4.18 s G 4.15 vs G oss vw Q? 4519 SoG 
SLO) vw F 3.71 vw F 3.26 vw F? 3535) VS Gs Orke 
B85 sar © 31.33 Wi Q DI Oe saw IS 
Se m F 3.20 m F DSP m ‘S 2.72 vw K 
2.94 vw F 2.70 m Gs ae w 5 2.66 vw G 
2.69 m (Gens) 2.59 m S 12513 ema 2.55) sm, K 
2.59 w S RO «ane 2.43 ms G;Q 
2.52 vw 5S 2.44 s G 2.28 vw G;K 
2.44 ms G POS) vw Ss) Does ni AEPIOS I 
ID) vw S Dos vw S 219 vie Gy Ke 
teal m G;5 1.96 vw S Powe Sind KOR IR 
1.56 vw S A/S) vw S 1.82 vw Q;K 
1.509 w S 1 2 s Gas: sgh Spt G;K 
1.455 vw S 1.60 vw S TOP Sy (OR US 
1.563 vw § 1.544 mw O;K 
1.510" mw 9S 1.495 mw G;K 
1.460 vw Sy 1.459 vw G;K 
Pe H afl ai) Q 


* [ =intensity, visually estimated. 

+ Id=identification. S =smectite-chlorite; F =feldspar; G=goethite; Mg=magnetite; Ca=calcite; Q= 
quartz; Mi=mica; T=talc; Se=sepiolite; Sp =serpentine; K =kaolinite. 

1. Carmel Bay, California. Pseudomorphs after olivine. 

2. Carmel Bay, California. Pseudomorphs after olivine. 

3. Santa Rosa, California. Pseudomorphs after olivine. 

4, Orange, New South Wales. Joint-filling. 


Group 2 Group 3 
5 6 7 8 
d I Id d I Id d I Id d I Id 
14.0A vs § 16.0A 15.4A 15.0A 
tS vvw S 14.5 vs S 14.0 vs S 14.0 s S 
4.60 m S) 7.8 4.55 m S) 7.4— 
4.25 vw Q 7.0 vvw S 4.25 mw Q Os Ss SES 
4.02 vw F SH) vw S 3.70 vw F 4.83 m 5 
S533 Ww Q 4.52 s S 3.34 s Q 4.57 m S 
Seen s F 4.26 vw 3.19 Ww F 3.84 w Ca 
3.03 Ww Ca Bz m F 2.96 m Mg; F Seoul, aya Sas) 
2.95 w F 2.59 s S 2.70 Ww S) Gules aie (Ca 
2.88 m F 2.47 mw °§ 2.59 vw S 2589 avS 
2.83 Ww =) 2.28 vw S PE vs Mg;S 2.65— 
De w 3 2.20 vw 5 2.44 vw 3) 2.41 w 
2.54 Ww S 1.90 vyvw S 2.29 vw S 2°50) Smiw eCagsnsp 
2.50 w S ee, Ww S 22 vw S Die? Siaesv0! Ca; 
2.47 Ww S 1.533 — 2.09 m Mg;S 2.09 m Ca 
pea vw S sey ees ) 1.82 vw OES 1.91 “ms. Ca 
2.09 vw 5 1.314 w S) ye w Mg;S P87) ise ea: 
2.05 vw S 1.66 vw S 1.74 vw S$ 
1.99 vw S 1.61 m Mg; 5 1.63 vw Ca 
1.96 vw «(6S 1.535 w Ores 1.60 w Ca 
1.74 vw S P55 sviw, S 1.540 s S 
1.546 vvw S 1.480 ms Mg; S 1.506 mw §S 
1.531 m 1.453 vw S 1.443 w Ca 
1.487 w S 1.379 w OFS 1.418 w Ca 
1.472 w S 153265 vie eS 
1.387 vw S 1.299 vw § 
1.230 vw S 


. Ebbetts Pass, California. Pseudomorphs after hypersthene. 
. Orange, New South Wales. Joint-filling. 

. Carmel Bay, California. Pseudomorphs after olivine. 

. Prospect Hill, Sydney, New South Wales. Joint-filling. 
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TABLE 1. (continued) 
Group 3 
25 10 11 12 
d I Id re a I Id d il Id d I Id 
144.5A vs .§ 14.00A w § 15.0A 5 S A 
: xOR: 15.0—A 
12.10 vw Se? 9.35 Ww ab 10.0 vvw Mi 14.0 ve 3S 
9.50 Ww a 7.5— 7.4-— 7.30 Sats) 
1.3 Ra0 vs S;)Sp 720 s SuSD) 4.87 7 ReEN 
7.0 s Ss SD. 4.57 s S 5.0 vyw Mi 4.58 S 
5.88 vw Se 3.89 sw Ei eee 
4.55 s S 4.32 vw Q 
4.90 m S 3.62 s S; Sp 3.60 m S; Sp SAGE anv 9Se5 
4.57 § S; Se? Boi Se AL 3.35 mw Mi Bee vag 
3.66 s SSD) 3.03 w Ca 3.19 w F 3.03. Ww Ca 
Ca aa ede D8 sar S A eo 2.66 vw § 
2.90 ms § 2.66 — DOO ww 2.48 vw §:S 
D083 a = & 2.41 w  § DO Ww © oh ee Se 
De 2 S; Sp 2.50 vs  S;Sp DG  & S;Sp | 1.514 vw S 
DAS Wie, 8S 2.33. vw § 245 eo eS.) : 3 
PARA m S 2.28 vw S3Ca 2.20 vw S 
2208 DAS m S 2.13 vw S 
2.00 w S 2.09 vw Cares 2.05 vw S 
1.88 vw S 1.96 Ww 5 1.83 vw S 
1.74 w S 1.91 vw CaS 1376 vw S 
ilieag i vw S 1.87 vw Cas 1.62 vw 6S 
1.576 vw S 1.79 mw S§ 1.540— 
1.540 s S 1.74 w S 1520s, S 
1.508 mw §S 1.64 vw Ss 1.425 vw 5 
1.401 vw S 1.56 vw S 1.345 vw S 
1.324 w S HES. S) 
1.299 vw S 155035 48 S 
1.412 w NS) 
1.329 Ww s 
1.307 m 5 
1.278 w S 
1.252 vw S 
1.167 w S 
9. Prospect Hill, Sydney, New South Wales. Joint-filling. 
10. Prospect Hill, Sydney, New South Wales. Joint-filling. 
11. Prospect Hill, Sydney, New South Wales. Pseudomorphs after olivine. 
12. Dumbuck Quarry, Milton, Scotland. Joint-filling. 
Group 3 Group 4 
13 14 15 16 
d IT Id d I Id d I Id d it Id 
Uy a SS) 14.5—A 15.0—A i5.0—A 
Ue? s Spans 14.0 s S 14.0 s 14.0 s 
4.84 vw S (hes! s Sas Dp 4.45 s 4.5 vvw 
4.59 w S waits w 2.60 s 4.48 vw 
4.26 vw Q 4.57 vw S) 1.535 vw 2.59 vw 
3.62 m Spi 4.26 m 1.55  vvw 
3.33 m Q Sole} vs S; Sp 
Latg—= 3.14 w 
1.71 vw OS 3.05 w Ca 
1EO4I 7S Ss 2.74 vw «OS 
DOS vw S 
DS Re SASS 
Dees) vw Se Cal 
1.83 m S 
1.63 vw © 
1.58 vw ) 
1.539 vw S 
1.430 vw S 
13. Bowling Quarry, Dumbartonshire, Scotland. Joint-filling. 
14. Bovine eee Dumbartonshire, Scotland. Joint-flling. 
15. Locality unknown. Vesicle-filling. 


’ Walla Walla, Washington, Vesicle-filling. 
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description or mode of occurrence of this material are those of Bradley 
(1945), (vermiculite), Prider and Cole (1942), (nontronite), and Earley 
and Milne (1956), (regularly interstratified montmorillonite-chlorite). 

When the alteration product, whether it occurs as pseudomorphs after 
mafic minerals, joint-filling or in amygdules, is optically isotropic it is 
usually called chlorophaeite (Peacock and Fuller, 1928). It is charac- 
terized by a refractive index ranging from 1.50 to 1.62, optical isotropy, 
and a bright orange to deep green color. Average chemical analyses are 
given in Table 4A. 


INTERPRETATION OF THE X-RAY POWDER PHOTOGRAPHS 


The data presented in Tables 1, 2, and 3 are representative of 170 
powder photographs of 60 specimens. Sample numbers are arranged so 
that the same number refers to material from the same bulk sample. 
These are divided into four groups, nos. 1-4, which represent red, oxi- 
dized alteration products usually called iddingsite; nos. 5-7, which repre- 
sent green alteration products in lavas; nos. 8-14, which represent green 
alteration products in shallow intrusions; and nos. 15-16, which repre- 
sent optically isotropic alteration products. 


Group 1 


Photographs of untreated material (Table 1) are characterized by a 
broad but strong reflection near 14 A. Rarely very weak second and third 
order reflections from the basal spacing occur. A few specimens have a 
reflection near 7 A with no 14 A reflection. A weak 060 reflection typl- 
cally occurs between 1.49-1.51 A, although two lines are frequently pres- 
ent in the region (1.49-1.54 A) in which the 060 reflection for dioctahedral 


TABLE 2. X-Ray Data: BASAL SPACINGS OF GLYCOLATED SAMPLES 


Sample Number d il 
1 15.38 A m 
2 ers) mw 
3 N)5.35) s 
6 16.05 vs 
7 NOS s 
8 S22 vs 
9 15) 54 vs 
10 14.5 Ww 
11 Ws Vs 
12 15.5 s 
13 TS25 5 
14 Sa 
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and trioctahedral structures occurs. With ethylene glycol treatment 
(Table 2) the basal spacing expanded to 15-i6 A, Upon heating to 500° C., 
a new line appeared between 9.5-10 A in specimens having a 14 A spac- 
ing (untreated). Heating to 700° C. (Table 3) produced no additional re- 
sults. Higher order reflections from the basal spacing and the 7 A struc- 
ture disappear with heating to these temperatures. 

The usual expansion of the 14 A spacing with glycol solvation and 
collapse with heating indicate the presence of vermiculite or smectite.* A 
possible means of distinguishing these by Mg-saturation and glycerol ex- 
pansion was suggested by G. F. Walker (Pers. comm.). No change in ex- 
pansion was observed after a 24 hour treatment with saturated MgCl, 
solution indicating that the structure is a smectite. Since the expansion 
is rarely to the full limit (17 A) expected of glycol solvation, it is possible 
that the smectite is randomly interlayered with chlorite. Absence of 
higher order reflections, which render this interpretation difficult to eval- 
uate, may be due to auto-oxidation. As will be shown later, alteration 
takes place before consolidation of the magma is complete so that high 
temperatures and, in lava flows, oxidizing conditions may be expected. 
It is concluded, therefore, that oxidized alteration products are composed 
predominantly of smectite-chlorite. Goethite is almost always present, 
quartz and calcite are common constituents and talc and mica rare con- 
stituents. 


Group 2 


These powder photographs (Tables 1-3) are nearly identical with those 
of group 1 and are interpreted in the same way. The more common oc- 
currence of higher order reflections from the basal spacing is attributed 
to incomplete oxidation of iron (which also accounts for optical differ- 
ences). Evidence presented in a later section suggests that weathering of 
green alteration products can result in extraction and oxidation of iron, 
producing aggregates which are optically identical with oxidized varieties, 
this process possibly accounting for differences in position of the 060 re- 
flection between the two. Calcite is common in these aggregates, while 
magnetite, quartz and feldspar sometimes occur. Talc is a rare constitu- 


ent. 


Group 3 


Powder patterns of untreated material (Table 1) from shallow intru- 
sions are characterized by a strong reflection between 14 A and 15A with 
nonintegral higher order reflections from this spacing of comparable in- 


* The term smectite (Brown, 1955) denotes members of the montmorillonite group. 
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tensity. The 060 reflection is usually strong and near 1.54 A, although it 
is usually accompanied by a weaker line near 1.50 A. With ethylene 

glycol treatment (Table 2), the 14 A spacing expanded to 15-16 A and 
gave rise to a nonintegral series of higher order lines. Upon heating to 
500° C. a new line appeared between 9.4—10 A in most specimens, at 
11.78 A in one specimen. Heating also resulted in a considerable reduc- 
tion in intensity of higher order reflections from the basal spacing so that 
these patterns are, with the exception of differences in intensity and posi- 
tion of the 060 reflection, identical with most heated specimens of Group 
1. Since heating was done in air, oxidation of iron produces from the green 


TABLE 3. X-RAY Data: BASAL SPACINGS OF HEATED SAMPLES 


Den tary M00 (Cy Asi ove. OO Cz | Pal tone, SAS (Cy | Psilane, KOO? (Ca) DS ove, WOO" Ca] Inve, (MC? C 


1 2 3 6 7 8 


d if d if d I d i d I d I 


9.82 m 9.77 mw ORS vs 9.60 vs 9.93 s 9.5 vvw 


Mey ive, VO? Cal sinigs SAS (Cai Ass iebe, LOOP (C2 ine, VO? (C|) il lane, ASO (C- 


9 10 12 13) 14 


al AS HS 9.45 m 9.6 s 9.40 vvw | 102459 Ww, 


alteration products an aggregate which is optically identical with natural 
oxidized types. Heating to 700° C. (Table 3) produced no additional re- 
sults. 

This behavior again indicates that an expanding 14 A structure is pres- 
ent. That this is probably interlayered with a non-expanding 14 A struc- 
ture is indicated by the nonintegral series of higher order reflections. It 
is also possible that variable amounts of smectite-chlorite are mechani- 
cally mixed with a kaolin-type structure (antigorite or chrysotile), the 
latter giving rise to strong reflections near 7.2 A and 3.6 A. In specimens 
showing large expansion with glycol solvation, the second order reflec- 
tion split, one line being roughly half the spacing of the expanded spac- 
ing, the other occurring at about 7.2 A, which strongly suggests a mechan- 
ical mixture of a serpentine mineral with the smectite-chlorite. An at- 
tempt was made to separate the two, but without success. Although 
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Hargreaves and Taylor (1946) found that conversion of chrysotile and 
antigorite to olivine takes place at about 60° C., no reflections belonging 
to olivine were found in photographs of material heated to and above this 
temperature. 

Material from shallow intrusions is therefore composed at least in part 
of smectite-chlorite with possibly one or both of the serpentine minerals. 
Considerable variation in proportions of these components occurs among 
different samples. Minor amounts of talc, mica, quartz and possibly 
sepiolite are sometimes present. 


Group 4 


Optically isotropic alteration products are closely associated with 
anisotropic material which is optically identical with members of Group 
1. In addition, optically isotropic material is itself sometimes submicro- 
scopically crystalline, giving diffuse reflections corresponding to the 
strongest lines in powder photographs of Group 1. No change in position 
of the basal reflection was observed with heat and glycol treatment, so 
that it is probable that the incipient structure is chlorite. Absence of 
higher order reflections may again be due to auto-oxidation of iron. 
Goethite and calcite (optically detectable) are sometimes present. 


DIFFERENTIAL THERMAL ANALYSIS 


With the exception of specimen no. i4, thermograms (Fig. 1) of speci- 
mens from shallow intrusions all have endothermic peaks between 100— 
200° C. which are attributed to loss of adsorbed water from the smectite 
component. Absence of this peak in no. 14, which also has a smectite com- 
ponent, is not explained. The second endothermic peak, representing loss 
of structural water, is typically broad and occurs anywhere between 
535°-700° C. It is likely that this behavior reflects variation in the pro- 
portions of chlorite and smectite. In most specimens this peak is fol- 
lowed by another, relatively sharp endothermic peak, representing de- 
composition of the aggregate, between 780-840° C. In specimens 13 and 
14, this peak is followed by another endothermic peak at 865° C. and 
820° C., respectively. Doubling of the last endothermic peak probably 
indicates decomposition of different components of the aggregate at dif- 
ferent temperatures. Most samples show a final exothermic peak between 
820°-860° C. indicating the formation of new mineral phases. 

The thermogram of no. 6 (from a lava) is very similar to that of non- 
tronite. No. 4 is the weathered equivalent of no. 6. The endothermic peak 
at 305° C. in the latter is due to decomposition of goethite, while the peak 
at 545° C. may be due to kaolinite. 
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Fic. 1. Differential thermal analyses. 
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PETROLOGY 


Specimens of basalt flows containing both red and green varieties of 
alteration products were obtained from Carmel Bay, California (type 
locality for iddingsite; Lawson, 1893), from near Santa Rosa, California, 
Hawaii, Orange, New South Wales, and from Tertiary lavas near Eb- 
betts Pass, California. 


Carmel Bay, California 


At Sunium Point a series of basalt flows outcrop with an exposed thick- 
ness exceeding 75 feet. Weathering to a depth of approximately 20 feet 
has resulted in bleaching of the groundmass and alteration of pyroxene 
and plagioclase phenocrysts. The only obvious mafic mineral is red 
pseudomorphs after olivine. In very deeply weathered material pseudo- 
morphs after olivine may be detected only with a hand lens. Below the 
weathered zone the groundmass is black, fresh pyroxene phenocrysts may 
be seen with a hand lens, and, at the base of the exposure, the alteration 
product of olivine is green. 

Weathered rocks are characterized microscopically by an abundance 
of smectite-chlorite and goethite pseudomorphs after olivine, plagioclase 
and pyroxene phenocrysts completely replaced by a colorless to pale 
green fibrous material with moderate birefringence, set in an intergranu- 
lar groundmass of altered plagioclase microlites, granular and euhedral 
pyroxenes, iron oxides and unaltered apatite. Small amounts of pale 
green to brown interstitial material is often present, while biotite occurs 
rarely. 

Almost all of the specimens show a distinct flow banding in the plagio- 
clase microlites. There is commonly a concentration of very finely crys- 
talline green to brown material and iron oxides in bands parallel to the 
flow banding, appearing as a distinct macroscopic lineation on cut sur- 
faces. Pseudomorphs after olivine within these bands are distorted (Figs. 
2 and 3)! 

In unweathered specimens the same textural relations hold, but olivine 
is usually the only altered mineral. Augite (2V 45°-48°) and plagioclase 
(Ans3_62) aggregates are common. In some specimens the groundmass 
pyroxenes consist in part of colorless euhedra of orthopyroxene which are 
partly altered to green smectite-chlorite (?). Iron oxides occasionally pre- 
dominate over clay minerals in pseudomorphs after olivine, while in sev- 
eral specimens green and red alteration products occur side by side in the 
same pseudomorphic aggregate (Fig. 4). Pseudomorphs are usually con- 
nected by delicate stringers, which appear to be thin films coating plagio- 
clase and pyroxene microlites, of material optically identical with that in 
the pseudomorphs, and sometimes have halos of the same secondary min- 


erals, 
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Fic. 2, Pseudomorph after olivine distorted by flow of the enclosing 
lava. Plane polarized light. X45. 


Rocks from another locality about a mile east of Sunium Point show 
nearly identical textural and mineralogical relations, except that augite 
(2V 46°-54°)-plagioclase (Anss¢s) aggregates are usually larger than 
those in the Sunium Point flows, and, although often very deeply weath- 
ered, colorless clay pseudomorphs after these aggregates are obvious in 


Fic. 3. Smectite-chlorite, iron oxide, biotite pseudomorph after olivine distorted by 
flow. Color banding is opposite from usual, Plane polarized light. X30, 
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Fic. 4. Oxidized and green smectite-chlorite pseudomorphs after 
olivine. Plane polarized light. x70. 


hand specimen. Pseudomorphs after olivine are dull brown to nearly 
colorless and, when nearly colorless, are distinguished from weathered 
pyroxene and plagioclase only by their form. 

In thin section, the material replacing pyroxene-plagioclase aggregates 
is colorless to pale green, has a moderate birefringence and occurs as 
randomly oriented fibers in the pseudomorphs. 


Santa Rosa, California 


All of these specimens are weathered and in some all the major minerals 
are altered and pseudomorphs after olivine are bleached. Most specimens 
are characterized by olivine phenocrysts (Fog5_95) partly altered to iron 
oxides and smectite-chlorite, plagioclase (Ango-693) and some augite 
(2V 53°-57°) phenocrysts set in an intergranular groundmass composed 
of plagioclase, iron oxide and clinopyroxene microlites with accessory 
apatite. A small amount of optically isotropic pale green or brown meso- 
stasis is usually present. Flow banding in plagioclase microlites is con- 
spicuous and parallel to this are bands in which the clay minerals and 
iron oxides are concentrated. The bands are often connected by stringers 
of the same minerals resulting in a crudely rectangular or polygonal pat- 
tern. Pseudomorphs after olivine within these bands are distorted and 
alteration of olivine is complete. Within the polygonal areas olivine is in- 
completely altered to green smectite-chlorite. Identical secondary min- 
erals, including optically isotropic varieties, also occur in microscopic 
amygdules in the bands (Fig. 5). Weathering has produced the same 
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Fic. 5. Smectite-chlorite vesicle-filling. Plane polarized light. 45. 


effect as in the Carmel Bay specimens. Cores of altered olivines are oc- 
cupied by a colorless, fibrous material which is randomly oriented. 


Hawaiian basalts 


Specimens, from the museum collection, University of California, con- 
sist of olivine phenocrysts (Fo75_s30) partly or completely altered to oxi- 
dized smectite-chlorite, iron oxide aggregates, augite (2V 52°) or titan- 
augite and plagioclase (Ango_s49) phenocrysts in an intergranular ground- 
mass composed of plagioclase, granular clinopyroxene and iron oxide 
microlites with accessory apatite. Olivine microlites are present in some 
specimens. 


Orange, New South Wales 


These specimens were obtained from a small quarry in a single basalt 
flow, the surface of which has been severely weathered. Part of the flow 
has well developed columnar jointing and adjacent to each joint plane the 
basalt has a dark rim approximately 0.5” wide in which olivine has been 
altered to smectite-chlorite and iron oxides. The same minerals also occur 
as thin films coating the joint surfaces. For a distance of about 10 feet be- 
low the surface both the joint-filling and the altered rims are bright 
orange red. 

The unaltered rock consists in part of augite (2V 48°-50°) phenocrysts 
and aggregates which ophitically or subophitically enclose plagioclase 
laths (Anso-55) and often enclose rounded grains of olivine. In areas be- 
tween the evenly distributed pyroxene-plagioclase intergrowths, the rock 
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consists of plagioclase laths and olivine phenocrysts (Fogs_95), some of 
which are highly resorbed, set in a glassy groundmass. Some nant oxides 
rounded olivine grains, rod-shaped clinopyroxenes and skeletal Pianice 
clase crystals are distributed through the glass. In the altered rims below 
the weathered zone, olivine has been partly or wholly converted to green 
smectite-chlorite; in a few cases (Fig. 6) red cores are surrounded by 
green rims, but the opposite relations may be seen in the same thin sec- 


Fic. 6. Pseudomorphs after olivine consisting of oxidized smectite-chlorite cores and green 
smectite-chlorite rims. Plane polarized light. X 115. 


tion. Green smectite-chlorite also occurs as thin films along cleavages and 
fractures in plagioclase and clinopyroxene grains and along grain bound- 
aries (Fig. 7). Such veinlets disappear at crystal-glass boundaries and the 
glass is locally altered, the veinlet reappearing in crystals on the opposite 
side of the altered glass. In a few places these veinlets occupy micro-shear 
zones (Fig. 8). Within the weathered zone joint-filling and alteration 
products of olivine and glass are red aggregates of kaolinite and goethite. 
With a few mineralogical and textural differences, this occurrence is 
nearly identical with that recorded by Smedes and Lang (1955). 


Ebbetts Pass, California 

Green smectite-chlorite is very widespread in the Tertiary lavas of the 
Mehrten Formation as an alteration product of olivine in basalts and of 
hypersthene in andesites. It is also present in amygdules and as coatings 
on joint surfaces. In many places it occurs in isolated patches several 
inches to several feet across within flows, and in these occurrences its dis- 
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Fic. 7. Smectite-chlorite veinlet. Note control of grain boundaries and fractures on position 
of the veinlet. Plane polarized light. 105. 


tribution shows no relation to weathered surfaces. Coats (1940) men- 
tioned some of these occurrences and referred to the alteration product as 
bastite. In view of the common retention of hypersthene cores, there is no 
doubt that this mineral alters to a product optically identical with that 
which replaces olivine. The andesitic lavas also commonly have ortho- 


Fic. 8. Smectite-chlorite veinlets occupying micro-shear zone. Glass is locally altered to 
smectite-chlorite. Plane polarized light. «55. 


Frc. 9. Pseudomorph after olivine and material extracted during 
alteration. Plane polarized light. «345. 


pyroxene microlites partly or completely altered to the same mineral, 
while the clinopyroxene microlites have remained unaltered. Aggregates 
pseudomorphic after hypersthene commonly contain calcite and some- 
times contain cristobalite. 

Specimens of altered shallow basalt intrusions were obtained from 
Bowling Quarry, Dumbartonshire, Scotland (type locality of ‘“‘bowling- 
ite”; Hannay, 1877); from Dumback Quarry, Milton near Bowling; and 
from Prospect Hill near Sydney, New South Wales. 


Bowling Quarry, Scotland 

Material from this locality was all taken from joints where it occurs as 
veins 4”—14” thick. According to Hannay (1877) it also occurs as vesicle- 
filling and as pseudomorphs after olivine in the dolerite. Other constitu- 
ents of the rock are unaltered. 


Dumbuck Quarry, Scotland 

This material has the same mode of occurrence as that from Bowling 
Quarry. In thin section green smectite-chlorite pseudomorphs olivine 
microphenocrysts and occurs as interstitial filling and as thin films coat- 
ing other minerals (Fig. 9). It is commonly intergrown with a colorless, 
micaceous material. A few plagioclase phenocrysts (Anso-57) which en- 
close clinopyroxene grains occur along with the altered olivine in an inter- 
granular groundmass composed of plagioclase, clinopyroxene and iron 
oxide microlites with accessory apatite. 
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Prospect Hill, New South Wales 


Green smectite-chlorite is abundant in this dolerite intrusion, occur- 
ring as joint-filling, fibrous aggregates pseudomorphic after olivine and 
as interstitial filling. In the dolerite phases it is commonly associated 
with green and brown mica while in pegmatitic phases it occurs as inter- 
stitial filling and rarely as pseudomorphs after olivine. In the chilled mar- 
gin olivine phenocrysts (Fozo-ss) are fresh or partly altered, altered 
phenocrysts being connected by veinlets of optically identical material. 


Fic. 10. Resorbed plagioclase with sieve structure due to enclosed 
clinopyroxene and iron oxide. Plane polarized light. X95. 


Weathered parts of the chilled margin show partial oxidation of altera- 
tion products, grading away from exposed surfaces into green alteration 
products. Such relations may be seen in a single thin section. Specimens 
used in this study were selected from joints and pseudomorphs after 
olivine. 

Specimens of basalt flows containing optically isotropic alteration 
products (chlorophaeite) were obtained from the Grande Ronde dike, 
Oregon (Peacock and Fuller, 1928) and from several Tertiary lavas in 
eastern Washington and Oregon near Walla Walla, Washington. 


Grande Ronde dike 


In view of some discrepancies between the author’s observations and 


those of Peacock and Fuller, specimens from this locality will be de- 
scribed in detail. 
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In the chilled margin a few olivine henocrysts (Fos7) partly altered to 
chlorophaeite and anisotropic smectite-chloriie, a few plagioclase aggre- 
gates which are corroded and have a sieve structure enclosing clino- 
pyroxene and iron oxide grains (Fig. 10), and rare quartz grains with clino- 
pyroxene halos are set in an intergranular groundmass composed of 
olivine partly or completely altered to both red and green smectite- 
chlorite and chlorophaeite, plagioclase, clinopyroxene and iron oxide 
microlites with accessory apatite. There are a number of chlorophaeite 
amygdules some of which contain carbonate. Amygdules in which the 
chlorophaeite is bright orange are connected by a delicate network of 


Fic. 11. Peripheral alteration of plagioclase resulting in formation of skeletal plagioclase 
grains. Areas of high relief within the plagioclase are clinopyroxene. Plane polarized light. 
x55. 


veinlets which consist of chlorophaeite films coating the groundmass 
minerals. These stringers form a crudely polygonal or rectangular pat- 
tern. Amygdules which are not so connected contain green chlorophaeite. 

The center of the dike consists of plagioclase phenocrysts and aggre- 
gates (Anjp44) and olivine phenocrysts which are partly or completely 
altered, set in an intersertal groundmass composed of skeletal plagioclase 
grains, iron oxide microlites and glass or chlorophaeite with accessory 
apatite. Plagioclase is commonly intergrown with clinopyroxene and is 
peripherally altered, the alteration being controlled by cleavage planes 
resulting in skeletal plagioclase grains (Fig. 11). Chlorophaeite amygdules 
have a halo extending into the groundmass in which plagioclase has been 
partly altered to chlorophaeite (Fig. 12). 
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MopDE OF ORIGIN 


When the oxidized alteration product (iddingsite) was first named 
(Lawson, 1893) it was considered to be a primary mineral precipitated 
directly from basaltic magma. Other investigations showed that residual 
olivine is commonly present within pseudomorphs and this hypothesis 
was abandoned in favor of Iddings’ (1892) suggestion that it formed by 
weathering of iron-rich olivine. Since the work of Ross and Shannon 
(1926) on iddingsite and that of Peacock and Fuller (1928) on chloro- 


Fic, 12. Chlorophaeite amygdule with alteration halo. Plane polarized light. 40. 


phaeite, both of these have been generally accepted as products of deu- 
teric alteration of primary mafic minerals in basaltic lavas, iddingsite 
being a distinct mineral species, chlorophaeite being an amorphous sub- 
stance of variable composition. Green alteration products, whether they 
are called bowlingite or any of their other names, are also widely thought 
to arise by the same process. 

Ross and Shannon presented convincing arguments favoring a deu- 
teric origin which have been substantiated by subsequent investigations 
(e.g., Edwards, 1938; Fuller, 1938). However, Ming-Shan Sun (1957) 
has suggested that identical alteration may be continued in weathering. 
This conclusion is based on the identity of deuteric alteration products 
(only goethite was identified) with weathering products and similarity 
of chemical changes involved in both processes. The occurrence of both 
green and red varieties of alteration products at Carmel Bay, California, 
Orange, New South Wales, and Prospect Hill, New South Wales where 
oxidized material is present only in the weathered horizon clearly indi- 
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-cates that weathering may change the original deuteric alteration prod- 


ucts rather than simply continue the same process. It was shown from 
x-ray data that both alteration products from Carmel Bay are composed 
of the same structural types except that the oxidized variety contains 
goethite. Conversion of green smectite-chiorite (sometimes mixed with 
magnetite) to red smectite-chlorite plus goethite can be effected either 
by leaching iron and recombination as goethite or by weathering of in- 
cluded magnetite, in either case the goethite acting as a pigment. Weath- 
ering of the Orange, New South Wales material resulted in formation of 
goethite, but the smectite-chlorite did not survive and in its place kao- 
linite is present. As will be shown later, the additional constituent, 
smectite-chlorite, of ‘‘iddingsite” identified in this study may also form 
by weathering of mafic minerals. However, the weathering products dif- 
fer in being dioctahedral while oxidized smectite-chlorite in the same 
rocks is usually intermediate. 


TIME OF ALTERATION 


Edwards (1938) and Ross and Shannon (1926) presented textural evi- 
dence which suggests that alteration takes place after the enclosing lava 
ceased to flow, but sometimes prior to completion of crystallization of 
primary minerals. Fresh olivine rims surrounding altered olivine cores 
suggested to Edwards a sequence in which crystallization of olivine was 
followed by hydration-oxidation alteration, which in turn was followed 
by renewed crystallization of olivine. To Ross and Shannon, the same 
relationships suggested zonal replacement of olivine which had com- 
pleted crystallization before alteration commenced. 

Ross and Shannon further state that ‘‘The magma must have come to 
rest before iddingsite formed for though it is a very brittle mineral it is 
never fractured, or distorted by flow.”’ Descriptions of the Carmel Bay, 
California and Santa Rosa, California basalts showed that, in these rocks, 
distortion of pseudomorphs is common, but restricted to narrow bands 
parallel to the flow banding (Figs. 2 and 3). These data are interpreted as 
indicating at least partial alteration of olivine prior to cessation of flow, 
followed by distortion in shear zones developed when laminar flow is 
interrupted by consolidation. 


CHEMICAL AND PHYSICAL PROPERTIES AND THEIR IMPLICATIONS 


It is evident from the x-ray data that the formula of “‘iddingsite”’ re- 
presents at least two minerals and possibly as many as three or four, and 
that, in general, none of these are optically distinguishable. 

Notwithstanding mineralogical difficulties, bulk chemical composi- 
tions are important, for they represent alteration products of primary 
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minerals whose composition can often be determined from relicts. It is, 
however, still a matter of conjecture whether or not relicts are repre- 
sentative of the entire original crystal. Most of the chemical data now 
available are of “iddingsite,” chlorophaeite, and associated olivine. By 
comparison of these analyses it is seen that, although a broad range of 
compositions occurs, they are characterized by high Fe/Mg ratios, the 
lowest being about 2/1 while the average is about 8/1. Of all associated 
olivines reported in the literature, the highest Fe/ Mg ratio is 1/2 and most 
are lower. It was by similar interpretation of data that Ross and Shannon 
(1926) were led to state, ‘‘the proportion of silica has remained nearly 
constant ..., the iron has all been changed from the ferrous to the ferric 
state and its proportion has greatly increased, water has been added in 
large amount, and magnesium has been largely abstracted. It is clear 
that in the change of olivine to iddingsite there has been a metasomatic 
replacement ... ,” In addition Ross and Shannon, noting the occurrence 
of fresh olivine rims surrounding altered olivine cores and fresh olivine 
microlites with altered olivine phenocrysts, state that alteration is partly 
dependent on composition of the olivine. Although these relations indi- 
cate selective replacement of magnesian olivine (assuming normal zon- 
ing), some authors (e.g., Tomkeieff, 1934) have interpreted this ambigu- 
ous statement to mean selective alteration of fayalitic olivine. Typically 
the initial stages of alteration are characterized not by zonal replacement 
of olivine, but by replacement along fractures randomly cutting the 
phenocrysts. Since textural relationships indicate either no zonal prefer- 
ence or preference for magnesian zones, composition differences between 
olivine and its alteration products are best explained by Ross’ and Shan- 
non’s conclusion that Mg is leached. The common occurrence of iron ox- 
ides with the clay minerals and the not rare complete replacement of 
olivine by iron oxides indicates addition of iron as well as removal of 
magnesium. It is of course clear that the alteration cannot be simply a 
process of hydration and oxidation, for the proportions of FeO (recalcu- 
lated from Fe.O3), MgO and SiO: do not approach those of olivine. It is 
not, therefore, unreasonable to suppose that compositions of relicts are 
representative of the entire original phenocryst subject to zoning fluctua- 
tions no more severe than found in unaltered olivine. 

These changes in bulk composition and structure have resulted in 
alteration products which are considerably less dense (see Table 4A) 
than the minerals they replace. Since the alteration is pseudomorphic, 
volume relations require removal of material, which, according to the 
above arguments, involves selective leaching of Mg. Ross and Shannon 
do not consider the ultimate disposition of the extracted material, but 
Peacock and Fuller (1928) clearly state their belief that chlorophaeite 
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Tasie 4A. CHEMICAL ANALYSES* 
A B GC 
Average Range Average Range Average Range 
SiO, 41.20 22 .08-48 . 36 44.79 42 .68-46.32 45.11 43 42-48 17 
TiO: 0.14 0.12— 0.26 OR22 0.00— 0.46 0.29 7. 0.00— 0.82 
ALO; 3.81 0.00— 5.09 8.24 5.87-10.62 3.91 We G5? 
Fe,0; 35.42 25.48-60.13 8.90 6755=12530 22.13 12 .37-—30.02 
FeO 0.38 0.00— 1.97 4.77 2.70— 7.98 6.66 2.36-12 .10 
MnO 0.05 0.00— 0.11 0.47 0.35— 0.62 
MgO 6.85 0.60-12.71 22.50 21.71-23.29 8.16 SAC 7783 
CaO Mass) 1.72— 3.26 1.96 OS SLY Sruls, 1.97— 4.02 
NazO 0.12 0) = O18} 0.55 OF0C= 922211 
K:O 0.10 0.09— 0.10 0.14 tt Oey 
H.20* 9.30 5.74-11 .00 8.84 7.47-10.00 8.39 6.83-10.97 
Total 99.54 100.22 98.94 
H20- 9.84 4.76-22.85 IO. 72 7.69-13.52 20.78 12.54-27.44 
Den- 
sity DS = Dos 2.24— 2.30 Leh 2 DS! 


* Column A (iddingsite) represents 10 analyses, 2 from Tomkeieff (1934), 8 from Ross 
and Shannon (1926). Column B (saponite) represents 4 analyses from Caillere and Henin 
(1951). Column C (chlorophaeite) represents 4 analyses from Peacock and Fuller (1928). 

All analyses were recalculated to 100% excluding H:O~ before averages were com- 
puted. 


vesicle-filling and veinlets result from an alteration of mafic minerals. In 
the same manner, it is believed that material extracted from mafic min- 
erals during alteration to anisotropic varieties is recombined in the same 
structural types (principally smectite-chlorite) in joints and vesicles. 
The limited chemical data presented in Table 4 may now be divided 
into two groups: 1) those representing extracted material in motion at 
the time of consolidation (columns B and C, Table 4A; specimens 6, 8, 
and 10, Table 4B), and 2) those representing alteration residues (column 
A, Table 4A). It is clear by comparison of these groups that, in basalt 
lavas, both are characterized by high Fe/Mg ratios. It is reasonable to 
ask, then, why pseudomorphs are retained at all if the material which 
precipitates from the final solutions is of the same composition as that in 
pseudomorphs. This is probably largely due to concentration of iron in 
the altering solutions; as the mafic minerals break down, Mg passes into 
solution over a concentration gradient while iron is recombined in place 
in a solid phase appropriate to the environment. It is presumed that Mg 
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TABLE 4B. CHEMICAL ANALYSES 


8* 10 6 
SiO» 49.48 
AlsO3 12.80 7.14 5.85 
FeO; 0.43 0.80 18.86 
FeO 6.67 6.09 3.90 
MgO 25.24 31.80 12.66 
CaO DS 
TiO» nd 0.37 0235 


Rock Analysest 


| Unaltered Altered gms/m? Unaltered | gms/m® Altered 

SiO» 51.66 il ol 140.0 134.5 
Al,O; 15.88 16.98 43.0 44.4 
FeO; 0.76 5.49 Zell 14.4 
FeO 9.70 4,82 VOeS 1D) 
MgO (ass 5.26 ID) Saas 
CaO 8.07 8.56 21.9 22.4 
Naz,O 2.81 Ay 7.6 Sul! 
K,0 1552 1.05 4.1 Bel 
TiO: 1.60 1.68 4.3 4.0 
CO: nd nd 0.0 0.0 
H,0* 0.65 2.48 1.8 6.5 
Total 100.00 100.00 

H20- 0.09 3.08 

Density Deli 2.61 


* Numbers correspond to same samples in other tables. See Table 1 for descriptions. 

j{ Olivine basalt near Orange, New South Wales. See text for description. Analyses 
recalculated to 100% excluding H:O-. 

Analysts: Avery and Anderson, Melbourne. 


added to the solutions is outweighed by Fe, the final crystalline product 
still being Fe-rich. Since the structural groups represented by the altera- 
tion products can accommodate any variation in Fe, Mg and Al, the pres- 
ence of these minerals in joints and vesicles does not imply alteration of 
mafic minerals, but the two usually occur together. When this material is 
accommodated interstitially, its composition can have only an indirect 
bearing on the nature of liquid residues formed by fractional crystalliza- 
tion. 

The data on alteration products from shallow intrusions indicate that 
the material in motion is rich in Mg and relatively poor in Fe. Since 
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associated Fe-bearing minerals are rare in joint-filling, this is taken to 
indicate a lack of iron enrichment in the residual solutions. Since neither 
Mg nor Al can be expected to be concentrated in the altering solutions, 
complete solution of mafic minerals susceptible to the alteration is possi- 
ble. Where pseudomorphs are retained, duration of alteration may be 
more important than composition of solutions, but additional factors of 
structural inheritance in alteration products and heat supply provide 
problems for which there are no quantitative data. The markedly higher 
alumina may be attributed to contributions from altered Al-bearing min- 
erals such as plagioclase which is much more extensively altered in these 
rocks than in typical altered basalt lavas. 


MECHANISMS OF MOVEMENT OF EXTRACTED MATERIAL 


Since there is good evidence that alteration takes place, at least in 
some lava flows, at a late stage of consolidation, some mechanism for 
rapid removal of material extracted during alteration is required. Occur- 
rence of alteration products as delicate networks of veinlets connecting 
pseudomorphs and vesicles, as veinlets parallel to flow banding, and, 
principally, along major joints all suggest operation of a pressure gradi- 
ent. Smedes and Lang (1955) appealed to jointing to provide low pressure 
areas towards which altering solutions moved. If alteration precedes 
jointing, extracted material could be removed in this manner. Polygonal 
networks of veinlets may be interpreted as micro-joints and may have 
served the important function of cleaning out on a small scale. Veinlets 
parallel to flow banding could be caused by shearing along irregular flow 
planes resulting in dilated areas of low pressure. Curtis (1954) utilized 
the last proposal in interpreting autobrecciation of lavas. Whatever the 
mechanism of cleaning out on a small scale, the major joint system acts 
as a permanent low pressure area until pressures are equalized, and it is 
towards these that the altering fluids tend to move. In shallow intru- 
sions, low pressure areas are probably created chiefly by jointing, the 
location of much of the smectite-chlorite, but this will depend greatly 
on the nature of the wall rock. 


EFFECTS OF THE ALTERATION ON BULK CHEMICAL COMPOSITION 
oF SOME BASALTIC ROCKS 


It is clear from the conclusions drawn above that alteration of mafic 
minerals results in selective leaching of Mg which, in lavas, is later com- 
bined with iron and silica presumably derived from the altering solutions. 
If these components are not recombined within the rock, but escape into 
joints or wall rock, the composition of the rock no longer represents the 
composition of the magma from which it crystallized. The quantitative 
effects of the alteration can be assessed only where fresh and altered 
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equivalents occur. The effects of loss of Fe, silica and other components 
concentrated in solution prior to alteration cannot be quantitatively 
assessed. 

In Table 4B are given chemical analyses of altered and unaltered por- 
tions of the Orange, New South Wales basalt. These differ only in nearly 
complete alteration of olivine and minor alteration of glass in the altered 
phase. Since density changes have taken place, comparison of weight 
per cents does not give a true picture of composition changes and these 
have been recalculated to gms./m*. Specimens were collected from several 
columns and combined to reduce sampling error. The most significant 
changes are loss of MgO and SiOz, addition of H,O and change of ferrous 
to ferric iron in the altered rock. Total iron and alkalis show a small loss 
and alumina a small gain in the altered phase, but, in view of sampling 
and analytical error, these cannot be safely interpreted. The analysis of 
smectite-chlorite joint-filling from this locality (no. 6, Table 4B) clearly 
indicates the final disposition of Mg leached from olivine. It also shows 
that the Fe content of the fresh rock is not representative of the magma. 

Data presented by Fuller (1938) indicate that opposite changes in bulk 
composition can take place under certain conditions. In the basalt flows 
described by Fuller, alteration of olivine is confined to cores of columns, 
residues of the alteration being accommodated interstitially. Although 
direct comparison of analyses shows little change between altered cores 
and unaltered sheaths, Fuller (Pers. comm.) believes that the porous 
texture of the sheaths is explained by loss of the mesostasis (formed as a 
crystallization residue, not by alteration). Under these conditions recalcu- 
lation of weight per cent analyses to gms./m.* would probably show 
changes in the opposite direction from those described above. 

It is necessary to bear in mind that these minerals are only a small 
part of a much more complex association. This is particularly true of 
shallow intrusions where carbonates and zeolites are invariable associates 
of the clay minerals and the total secondary mineral assemblage ex- 
tremely varied. Since these too are usually less dense than the primary 
minerals from which they are derived, their escape into joints may be ex- 
pected to have a similar effect on bulk chemical composition of the altered 
rocks. 


APPLICATION TO SOME PROBLEMS IN Sort CLAY MINERALOGY 


It is apparent from the results of this investigation that chlorites and 
smectites occurring in soils derived from basic volcanic rocks cannot be 
assumed to have originated by weathering. The possibility that these 
minerals remain as relicts, although probably modified depending on 
conditions of weathering, is strengthened by a detailed study of the 
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Carmel Bay, California basalts which lie in a temperate climate zone, and 
which are structurally disposed to allow through drainage. A section is 
accessible at this locality which contains rocks ranging from those whose 
only altered constituent is olivine to those so deeply weathered 
that all of the primary minerals are altered and the rock is very porous. 
The freshest rocks contain green alteration products which are triocta- 
hedral smectite-chlorite aggregates, while the most highly weathered 
rocks contain oxidized smectite-chlorite and goethite aggregates, the 
smectite-chlorite of these rocks being predominantly intermediate to 
dioctahedral. By plotting the position of the 060 reflection against a 
qualitative estimate of degree of weathering of the enclosing rock it was 
found that the higher the degree of weathering the more closely the 
smectite-chlorite approached a dioctahedral structure. X-ray powder 
photographs of a colorless clay pseudomorphing clinopyroxene-plagio- 
clase aggregates (presumed to have formed by weathering because such 
alteration occurs only in the weathered zone) show that it is also com- 
posed in part of smectite-chlorite aggregates, but differs in having kao- 
linite (2?) as part of the aggregate. It might be expected, since the struc- 
tural types represented by deuteric alteration products are stable in the 
weathering environment while pyroxene and plagioclase undergo a com- 
plete structural change, that conversion of these to dioctahedral struc- 
tures will lag behind alteration of plagioclase and pyroxene. This was 
found to be true since pseudomorphs after olivine, even in the most 
deeply weathered rocks, are still composed in part of a trioctahedral 
structure. In addition, the occurrence of lightly pigmented (goethite) 
smectite-chlorite in deeply weathered, almost colorless rocks attests to 
continued leaching of iron. Although weathering of these rocks took 
place in a temperate climate with through drainage, it is obvious that 
weathering conditions which favor formation of trioctahedral chlorites 
and smectites will also favor preservation of the original trioctahedral 
products of deuteric alteration. It should be noted, however, that weath- 
ering of smectite-chlorite in the Orange, New South Wales basalt resulted 
in an aggregate of goethite, quartz and kaolinite without preservation of 
the smectite-chlorite. 

It is believed that recognition of the abundance and character of these 
minerals as pre-weathering constituents of basic igneous rocks will aid in 
solution of some problems in soil-clay mineralogy which have heretofore 
been explained by complicated chemical or physical histories such as 
those described by Allen and Scheid (1946) and Ross and Hendricks 
(1945). In no case will it be a simple problem to evaluate residual con- 
tributions to the clay fraction, for these minerals are not evenly dis- 
tributed through the parent rock. This is particularly true of differenti- 
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ated shallow intrusions such as that at Prospect, New South Wales, 
where the smectite-chlorite content of different specimens ranges from 
practically nil to more than half by volume. 
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ON CHLORINE IN SERPENTINIZED DUNITE* 


J. W. Eartey, Gulf Research & Development Company. 
Pittsburgh, Pennsylvania. 


ABSTRACT 


Serpentinized Precambrian dunites from Ontario, Canada, contain several tenths of a 
per cent chlorine while peridotites and pyroxenites, which are associated, show a nearly 
normal amount of chlorine, about 0.04 per cent. The chlorine in dunite is fairly soluble in 
hot water and readily soluble in cold sulphuric acid, except for a few hundredths of a per 
cent. It is suggested that the readily soluble chlorine was introduced into the rock during 
serpentinization by chloride-rich solutions from adjacent sedimentsand tufis. The difficultly 
soluble chlorine is probably entrapped in silicate crystals. 


INTRODUCTION 


The chlorine content of igneous rocks including grabbo, basalt and 
diabase averages about 0.02 per cent and varies only a few hundredths 
of a per cent. In contrast the ultramafic rocks, particularly dunite and 
serpentinized dunite, are quite variable in chlorine content, the amount 
ranging from a few thousandths of a per cent to several tenths of a per 
cent: 

Although the reason for the variability of chlorine content in ser- 
pentinized dunite is controversial, it is believed generally that most of 
the chlorine is introduced by deuteric or hydrothermal solutions which 
permeated the rock after primary crystallization. A small amount is un- 
doubtedly introduced as a part of the parent material. If this origin of 
chlorine in dunites is correct, one would expect the primary chlorine to 
be more or less uniformly distributed while chlorine introduced by solu- 
tion would be distributed somewhat unevenly. The present study was 
undertaken to provide additional analyses of chlorine in serpentinized 
Precambrian rocks and to determine the distribution of this element in 
such rock masses. 


ANALYTICAL METHOD 


Diamond drill core samples! from serpentinized ultrabasic rocks in 
Ontario, Canada, Fig. 1, were used in all of the determinations except for 
one sample of olivine from a bomb in Hawaiian basalt. Grab samples of 
clean core which weighed approximately 25 grams were taken at approxi- 
mately 50 or 100 foot intervals through the rock mass. These samples 
were crushed and ground to minus 120 mesh in a porcelain mortar. 

All of the chlorine determinations were made by a potentiometric 

* Publication authorized by Executive Vice President, Gulf Research & Development 
Company. 

' Courtesy Dominion Gulf Company, Toronto, Canada. 
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method in which one gram of the sample is fused with six grams of sodium 
carbonate. The fused product is leached on a steam bath for one hour, 
and the leachate filtered and washed. The filtrate is neutralized with di- 
lute sulphuric acid and excess acid is added to make the solution 7.5 nor- 
mal. The sample is titrated potentiometrically with standard silver 
nitrate using silver/silver chloride and glass electrodes. 

Care was taken to avoid possible chlorine contamination although it is 
recognized that some contamination may have occurred during the drill- 
ing operation. Owing to the substantially impermeable nature of the rock, 
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Fic. 1. Location of drill holes. 


it is believed that this source of chlorine contamination does not intro- 
duce a serious error in the analyses. Blank determinations were made 
through the whole procedure. Deionized and triple distilled water was 
used in all of the determinations. 


DATA AND RESULTS 


The chlorine contents of samples from eight diamond drill holes are 
given in Table 1. The analyses show that the amount of chlorine in 
dunite? varies from about 0.1 to 0.7 per cent and averages 0.23 per cent 
for all of the samples. In contrast the next most common rock type 1n 
this suite of samples, peridotite,? averages 0.049 per cent chlorine. The 
metamorphosed sediments in the lower portion of the German Township 
drill hole average 0.048 per cent chlorine with the suggestion of a slightly 
higher chlorine content near the contact with the pyroxene bearing 


» Highly serpentinized, 
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periodotite. The tuff which is in contact with the dunite in the Clergue 
Township drill hole shows 0.19 per cent chlorine while the dunite im- 
mediately adjacent to the contact contains 0.70 per cent chlorine. Where 
dunite is in contact with peridotite the chlorine content of the dunite 
is greater by approximately one order of magnitude. Table 1 and Fig. 2 
show that the chlorine content of the peridotite is significantly less than 
that of the dunite. The contact zone may grade over one hundred feet or 
more. There is also a suggestion that within the dunite mass the chlorine 
content decreases away from the contact with the peridotite. Dunite 


© Clergue 


© McCool (II) 
4 Midlothion 
X McCool (I) 


% CHLORINE 


HOLE DEPTH IN FEET 


Fic. 2. Per cent of chlorine as a function of depth. 


from the McCool II drill hole does not show a decrease in chlorine con- 
tent similar to the other sections but rather remains substantially con- 
stant over the length of the section examined. The Clergue dunite, which 
is in contact with metamorphosed sediments, shows a sharp increase in 
chlorine content near the contact. 

Fluorine determinations were carried out on samples from the McCool 
II drill hole at 450 feet, the McCool IIA drill hole at 950 feet and the 
Clergue Township drill hole at 753 feet. None of these samples showed 
more than 0.01 per cent fluorine, using the method wherein distilled 
fluosilicic acid at pH 3.0 is titrated with thorium nitrate using sodium 
alizarin sulfonate as an indicator. Time would not permit fluorine de- 
terminations on all of the samples and as a result it can only be assumed 
that the other high chlorine samples had a low fluorine content. 
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TABLE 1. CHLORINE CONTENTS OF DRILL Cores* 
German Township Bartlett-Geike Township Clergue Township 
Depth Rock % Cl Depth Rock YC Depth Rock % Cl 
170s Perid. 0.098 86 Perid. 0.076 296 Perid. 0.043 
225 ~~—~‘Perid. 0.077 141 Basalt 0.015 SO Iyer OxO7/0 
275 ~*~ Perid. 0.060 238 Lamp. 0.023 404 Pyrox. 0.038 
375‘ Perid. 0.017 404 Perid. 0.034 471 Perid. 0.046 
475‘ Perid. 0.090 olSn Rerid: 0.023 SS Dunite: = Ob27 
625‘ Perid. 0.039 614 Basalt 0.015 651 Dunite 0.37 
Wes — Ieeovel 0.036 720 ~~ Perid. 0.015 753 Dunite 0.22 
830‘ Perid. 0.090 842 Dunite 0.26 
OMS 1 PAiadorx; — OAS} 949 Dunite 0.30 
1095 Seds. 0.078 1050 Dunite 0.21 
1150 = Seds. 0.057 1150 Dunite 0.70 
1190 Seds. 0.021 1170 =Tuff 0.19 
1250 _~— Seds. 0.036 


Midlothian Township 


McCool Township I 


McCool Township IT 


Depth Rock Ge Cl Depth Rock Ye Cll Depth Rock % Cl 
5 Perid. 0.03 ISO) JRevarel. 0.07 100 Gabbro 0.04 
50. ——~Perid. 0.04 250 ~~‘ Perid. 0.08 200 ~~ Perid. 0.04 
100 Dunite 0.20 350 Dunitess Onzt 250 ~—s*@Perrid. 0.04 
175 Dunite 0.14 400 Dunite 0.15 350 = Perid. 0.07 
200 Dunite 0.18 450 Dunite 0.22 450‘ Perid. Oalls 
202. Dunite 0.13 550 Dunite 0.14 550 Dunite 0.24 
250 Dunite 0.19 650 ~——~Perid. 0.24 650 Dunite 0.24 
700 Dunite 0.17 750  Dunite 0.22 

800 Dunite 0.15 850 Dunite 0.27 

900 Dunite 0.15 900 Dunite 0.25 

1000 Dunite 0.11 950s = Dunite ss On21 

1000 Dunite 0.25 

1050 Dunite 0.25 

1100 Dunite 0.24 


Note: Perid.—Serpentinized peridotite; Pyrox.—Serpentinized Pyroxenite; Lamp.— 


RELATIONSHIP OF CHLORINE TO WATER CONTENT 


Lamprophyre; Seds.—metamorphosed graywacke and argillite; Basalt—Olivine 
basalt dike. 
* Analysts—B. B. Osthaus and J. A. Solomon 


It seems reasonable to suggest that there may be a relationship be- 
tween the high chlorine content of ultramafic rocks and their water 
content. Analyses of composite samples of anorthosite, altered peridotite 
and altered dunite which are given in Table 2 show that although the 
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water content of the anorthosite is approximately one-quarter of the 
water content of the peridotite which underlies it, the chlorine contents 
of both rocks are approximately the same. On the other hand the water 
contents of the peridotite and dunite are similar but the chlorine content 
of the dunite is several times greater. 

Further, the determination of chlorine in a fresh olivine bomb in recent 
basalt from Hawaii shows 0.01 per cent chlorine in the olivine and 0.04 
per cent chlorine in the basalt. The water content of the volcanic ma- 
terial was not determined but in view of the fresh nature of the rock and 


TABLE 2. ANALYSES OF McCoo Townsuip ITA Composite CorE SAMPLES{ 


Per Cent Total 


Depth, Feet Rock Type Per Cent Cl HO 
92— 112 Anorthosite 0.01 4.18 
225— 296 Peridotite* 01 12Ro4 
332 Peridotite* .07 1182 
463— 493 Dunite* .26 a0) 
585— 607 Dunite* 23 13.15 
756— 760 Dunite* DS 13.80 
962— 995 Dunite* 5 2A 13.00 
1126-1226 Dunite* Al 12.59 


* Highly serpentinized. 
+ Analysts—B. B. Osthaus and J. A. Solomon. 


the lack of alteration of the olivine it is reasonable to suppose that the 
total water content of either the olivine or basalt was less than one per 
cent. 

Analyses of a variety of ultramafic rocks reported by Kuroda and 
Sandell (1953) suggest that high chlorine content is associated with high 
water content, although there are notable exceptions as evidenced, for 
example, by Harzburgite from Lewis Hill, Newfoundland, which shows 
0.06 per cent chlorine and 10.05 per cent water. However, none of the 
ultramafic rocks reported by Kuroda and Sandell or by the author shows 
a high chlorine content and a low water content. In contrast, the water 
content of alkaline lavas reported by Bowen (1937) is low while the chlo- 
rine and fluorine contents are relatively large. From published data and 
the data given in this report, one can suggest that a high chlorine content 
in dunite is associated with a high water content but a high water con- 
tent does not necessarily indicate a high chlorine content. 


DISTRIBUTION OF CHLORINE IN ALTERED DUNITE 


Since all of the dunites were highly serpentinized with the develop- 
ment of chrysotile veinlets, samples at depths of 651 and 753 feet in the 
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Clergue Township hole which contained chrysotile fiber and massive 
serpentinized dunite were separated and each fraction was analyzed for 
chlorine. The chlorine contents of the chrysotile fiber and serpentinized 
dunite were 0.46 per cent and 0.36 per cent, respectively, for the sample 
at 651 feet and 0.27 and 0.19 per cent, respectively, for the sample at 
753 feet. Although the chlorine content of the chrysotile fiber fraction is 
larger in each sample the difference is not great and one must conclude 
that chlorine is more or less evenly distributed throughout the whole 
rock mass. 


TABLE 3. SOLUBILITY OF CHLORINE IN Dunite At 1150 FEET IN 
CLERGUE Townsuie Dritt Hore 


Solvent Digestion Time Temperature Per Cent Cl 
H20 1 hour fis (C- 0.20 
7.5N HeSO, 5 mins. YC. 0.62 
7.5N HoSOs; 1 hour Sosa 0.65 

Total chlorine as determined by fusion procedure 0.70 


An attempt was made to determine the location of the chlorine in the 
rock mass by carefully hand-picking the various mineral components for 
study. Although the Clergue Township sample at 1150 feet showed 0.70 
per cent chlorine, suggesting the presence of one or more per cent of a 
chlorine bearing mineral and possibly isomorphous substitution of chlo- 
ride ions for hydroxyl ions, no x-ray diffraction evidence could be found 
for either of these conditions. One must, therefore, suspect that the 
chlorine is present in an amorphous phase and/or that it occurs in minute 
fluid inclusions. Small and undetectable amounts of crystalline chlorides 
may be present as discrete particles located along grain boundaries. 

The solubility of the chlorine bearing component was determined in 
water and in 7.5N sulphuric acid as shown in Table 3. These results in- 
dicate that a portion of the chlorine is soluble in water and this may 
be derived from soluble metal chlorides which are intergranular or pres- 
ent as minute particles along grain boundaries. The amount of chlorine 
dissolved in cold acid in five minutes is substantially the same as that 
dissolved in hot acid for one hour indicating that the chlorine bearing 
component is readily soluble in acid. The difference between the amount 
of chlorine which is soluble in hot acid and the total chlorine as deter- 
mined by sodium carbonate fusion, 0.05 per cent, may be accounted for 
in part by analytical error, sample variation or actual chlorine which is 
held tightly by the less soluble part of the rock. Some combination of 
these possibilities seems to be the most likely explanation. 

Although the samples were studied by x-ray and chemical methods, 
the location of chlorine in serpentinized dunite remains unknown. How- 
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ever, as one would suspect, the bulk of the chlorine does not occur as 
chloride ions in isomorphous substitution for hydroxy] ions in chrysotile 
or antigorite or for that matter in any of the common hydrous silicates 
found in serpentinized dunite. 


DISCUSSION 


Dunite is a nearly pure forsteritic rock, and by virtue of its composi- 
tion, formation by simple magmatic processes is practically precluded. 
From a geochemical viewpoint, Bowen and Tuttle (1949) concluded that 
ultramafic rocks can be intruded only in a solid state. This condition can 
be met by crystallization of olivine from a basic magma with subsequent 
filter pressing and intrusion of the olivine as a crystal mush. Subse- 
quently dunite may be altered by metamorphic and/or hydrothermal 
processes to serpentinized dunite. Alternatively, serpentinized dunite 
may be formed by metasomatic processes involving desilication of basic 
rocks by water vapor which is undersaturated with SiOy. 

The real problem at hand is one of accounting for several tenths of a 
per cent chlorine. Several explanations can be offered for the high chlo- 
rine content of these serpentinized Precambrian dunites but it must be 
remembered that there is no proof for any. 

Firstly, one can propose that the parent olivine crystals formed in a 
closed system, a magma, at high temperature and pressure and as a result 
a portion of the volatiles in the system was trapped during primary 
crystallization. Inclusion of trace amounts of various elements can be 
accounted for by this means. Normally gaseous elements such as chlorine 
seldom amount to more than a few hundredths of a per cent of the rock. 
Furthermore, appreciable amounts of fluorine are generally present in 
magmas and as a result entrapped magmatic gases should contain com- 
parable amounts of fluorine and chlorine. However, the dunites included 
in this study do not show unusual amounts of fluorine. For these reasons 
it seems impossible to account for the high chlorine content of the rocks 
on a basis of entrapped magmatic volatiles, although it is quite reason- 
able to suggest that the few hundredths of a per cent chlorine which is 
difficultly soluble and the fluorine can be attributed to such an origin. 

Secondly, if the chlorine in the dunite was not introduced as entrapped 
material, it must have been introduced later by dueteric or hydrothermal 
solutions or by imbibition of fluids from adjacent rocks. Any of these 
fluids or solutions must have had a high concentration of chlorine but a 
low concentration of fluorine. Without entering into a long discourse on 
the character of hydrothermal solutions it is probably sufficient to point 
out that hydrothermal solutions usually follow channel ways. However, 
it must be remembered that metasomatism affects large rock masses and 
it is entirely possible that serpentinization in these rocks is the result of 
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metasomatic processes involving chloride-rich fluids. 

Since dunites are frequently associated with orogenic belts and are 
found associated with sedimentary rocks, is it possible that these Pre- 
cambrian dunites were formed in zones containing sediments saturated 
with a high chloride brine? Cores from only two of the basic rock masses 
studied showed that there were sediments in contact with altered perido- 
tite in German Township and with altered dunite in Clergue Township. 
The altered peridotite in contact with graywacke and argillite in German 
Township shows a slightly higher chlorine content than most peridotites, 
approximately 0.060 per cent as compared with an overall average of 
0.049 per cent. Here the metamorphosed sediments show a high chlorine 
content near the contact with the ultrabasic rocks. The relationship 
between the chlorine content of the Clergue Township dunite and the 
tuff is more striking in that the dunite immediately adjacent to the con- 
tact contained 0.70 per cent chlorine while the tuff adjacent to the con- 
tact contained 0.19 per cent chlorine. Away from the contact the chlorine 
content of the dunite is only about half of that near the contact. Although 
this is rather scant evidence on which to base a hypothesis, there is a 
suggestion that the water necessary for serpentinization of the dunite 
was derived from adjacent sediments which were saturated with a 
chloride brine. It is conceivable that such a brine permeated the rock 
mass either during or shortly after formation. Water was used up in the 
formation of serpentine and the resultant fluid was concentrated to a 
point where chlorides were precipitated either along grain boundaries 
or in interstices of the rock. If metal chlorides or oxychlorides were 
precipitated it is difficult to see why there is no evidence for such com- 
pounds in the rock. One would expect these compounds to be readily 
soluble and this is consistent with the observations. Further, one would 
expect the chlorine content of the rock to increase away from the contact 
with the sediment since the fluids would be concentrated as they mi- 
grated through the rock. There is evidence of this in the Clergue, Midlo- 
thian and McCool rock masses. 

Other interpretations may be equally valid. It is the author’s sincere 
hope to interest someone in undertaking a comprehensive study of chlo- 
rine rich ultrabasic rocks including processes of serpentinization. 
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NOTES AND NEWS 
AN OCCURRENCE OF MOLYBDENIAN STOLZITE IN ARIZONA* 


Joun N. Farcx, U.S. Geological Survey, Tucson, Arizona AND FRED A. 
HILDEBRAND, U.S. Geological Survey, Washington, D. C. 


Stolzite containing about 9 per cent MoOs; occurs near Miami, Gila 
County, Arizona. This tungsten-bearing mineral, which is considered to 
be an intermediate member of the isomorphous wulfenite-stolzite series, 
was noted by Faick and J. A. MacKallor,} in a prospect that was ex- 
amined on behalf of the Defense Minerals Exploration Administration 
in November 1951. This prospect is situated low on the east slope of Day 
Peaks in the Lost Gulch area of the Inspiration quadrangle, and is about 
13 miles southwest of the Copper Cities open-pit mine. The locality is in 
the Globe-Miami district, the geology of which has been described by 
Ransome (1903, 1904, 1919) and Peterson (1954). 

The prospect in which the molybdenian stolzite was found consists of 
an adit about 100 feet long in a mineralized zone along a nearly vertical, 
easterly trending fault that cuts diabasic rocks. The principal constit- 
uents in the zone are altered host rock, limonite, and minor amounts of 
quartz. Scheelite, which was identified by its pale-bluish fluorescence 
under an ultraviolet light, was observed in the altered zone as a few 
isolated grains and as a single small pod about one inch wide and 4 inches 
long. The molybdenian stolzite occurs in cavities in quartz and dissemi- 
nated in limonite. The thin, tabular, imperfectly formed white, lemon- 
yellow and orange crystals of the stolzite are megascopically indistin- 
guishable from wulfenite. 

From specimens collected by Faick, L. G. Evans{ prepared a heavy- 
liquid concentrate of mineral grains using acetylene tetrabromide, and 
further purified the concentrate by handpicking out impurities with the 
aid of a microscope. Evans identified the mineral by its specific gravity 
(7.5), optically negative character, high indices of refraction like other 
members of the series, and by visual arc spectroscopic tests for W, Mo, 
and Pb. Examination of grains in thin section indicated that the mineral 
is altered along fracture planes to an unidentified isotropic material. 
Chemical analyses of the concentrate are given in Table 1. 

Material submitted to the U. S. Geological Survey laboratories for 
x-ray confirmation of the molybdenian stolzite was found to contain 
minute amounts of an unidentified mineral and some brownish and 


* Publication authorized by the Director, U. S. Geological Survey. 
} Geologist, U. S. Geological Survey. 
t Mineralogist, U. S. Bureau of Mines, Tucson, Arizona. 
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TABLE 1. CHEMICAL ANALYSES OF MOLYBDENIAN STOLZITE FROM 
THE Lost Guicu Locatiry, Mrami, ARIZONA 


Analyses by F. G. Hawley* 


PbO S027 56.3 
WO; 25.40 U9) 
MoO; 8.62 O93 
As,O; 4.56 4.2 
PO; 2.14 0.73 
CaO 0.80 0.8 
FeO; 0.28 = 
SiOz = 0.4 
R2O; = 1.4 
Total 98.07 97.03 
Ratio W: Mo Sool 3.06:1 


* Chemist, retired, U. S. Bureau of Mines; Tucson, Arizona. During the 1930’s Mr. 
Hawley analyzed two other samples of physically similar material from unidentified 
prospects in the Lost Gulch area, with results as follows: (1) PbO 51.2, WO; 20.4, MoO; 
5.5; (2) PbO 52.4, WO; 30.8, MoO; 6.27. 


greenish-brown grains that were proved by «x-ray powder diffraction to 
belong to the mimetite-pyromorphite group of minerals. The presence 
of these minerals probably accounts for the high content of AsO; 
and P,O; in the analyses, and also for the high content of PbO, which is 
in excess of that needed to satisfy the formulas of intermediate members 
of the wulfenite-stolzite series. Apparently the material used in the 
chemical analyses contained admixtures of these associated minerals 
although reasonable precautions were taken to obtain a pure sample. 
In order to compare the mineral from Arizona with other wulfenites 
and stolzites, Hildebrand used x-ray patterns of wulfenite from Copiapo, 
Chile, and from Inyo County, California, and prepared x-ray patterns 
of stolzite from Broken Hill, New South Wales, Australia; tungstenian 
wulfenite (chillagite) from the Chillagoe and Christmas Gift mines, 
Chillagoe, Queensland, Australia, and wulfenite from Cairo, Egypt. 
A few analyses of the minerals from these localities have been published, 
but there is no assurance that the minerals acquired for x-ray exactly 
represent those used for the original analyses. A recent spectrographic 
examination of the wulfenite-stolzite group mineral from Cairo, Egypt 
by Janet Fletcher§ shows that it contains major amounts of lead and 
molybdenum and no detectable tungsten. Hence, it is a true wulfenite 


§ Spectroscopist, U. S. Geological Survey. 
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representing an end member of the wulfenite-stolzite series. It is note- 
worthy that «-ray examinations revealed that the two samples from 
Chillagoe, Queensland, Australia are dissimilar and neither of them cor- 
responds to the tungstenian wulfenite reported by Palache and others 
(1951-5 pps 1083-1085). 

Comparison of the x-ray powder patterns of the minerals studied per- 
mits them to be grouped as follows: 

Stolzite from Broken Hill (film 11468) and the mineral referred to as 
chillagite from the Chillagoe mine (film 11469) were found to be nearly 
identical and were accepted as standard patterns representing stolzite. 

Wulfenites from Copiapo, Chile (film 5695), Inyo County, California 
(film 6544), Cairo, Egypt (film 11482) and the tungstenian wulfenite 
(chillagite) from the Christmas Gift mine (film 11483) were found to be 
nearly identical with each other but appreciably different from the two 
stolzites cited above, and were, therefore, accepted as standard patterns 
representing wulfenite. 

The molybdenian stolzite from Arizona (films 11428, 11429, 11480 
and 11481) gives an x-ray pattern that is intermediate between the 
stolzites and wulfenites cited above and it should probably be placed 
toward the stolzite end of the series. 

Tungstenian wulfenite (chillagite) from Santa Rosa, province of San 
Luis, Argentina, is described by Ahlfeld and Angelelli (1948, pp. 204— 
205) and two analyses are given. These analyses and analyses of the 
tungstenian wulfenites from Chillagoe, Australia are reproduced in 
Table 2 for comparison with the analyses of the molybdenian stolzite 
from Arizona as given in Table 1. 


TABLE 2. CHEMICAL ANALYSES OF TUNGSTENIAN WULFENITES 


Christmas Gift Mine Santa Rosa, Province of 

Chillagoe, Australia San Luis, Argentina 

1 Dy; 3 
PbO 53.9 to 54.7 47.80 49.50 
WO; ZAR I to 295 19.60 18.40 


MoO; 16.3 to 22.2 19.30 20.40 


1—Analyses from Palache and others (1951, p. 1085). 
2 & 3—Analyses from Ahlfeld and Angelelli (1948, p. 205). 


According to Palache and others (1951, pp. 1083, 1087-1088), at least a 
partial isostructural series exists between wulfenite (PbMoQ,) and 
stolzite (PbWO,) and W may substitute for Mo in intermediate members 
of the series; those authors state, however, that the few reported analyses 
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of stolzite do not reveal the substitution of Mo for W. As shown by chem- 
ical analyses the mineral collected at the Lost Gulch locality in Arizona 
probably is an example in which Mo takes the place of some of the W in 
the stolzite formula. The mineral is properly termed molybdenian stolzite 
because the ratio of W: Mo exceeds 1:1. 

Insofar as the writers know, intermediate members of the wulfenite- 
stolzite series have been identified only from the above mentioned areas 
in Australia and Argentina. The scarcity of reported occurrences of 
intermediate members of this isostructural series is surprising inasmuch 
as neither wulfenite nor stolzite is very rare. The intermediate members 
of the series probably have been overlooked because of their similarity in 
appearance to wulfenite. 

The writers gratefully acknowledge the assistance of L. G. Evans, 
I. G. Hawley and others whose efforts have made this report possible. 
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HUNTITE FROM TEA TREE GULLY, SOUTH AUSTRALIA 
BRIAN J. SKINNER, University of Adelaide, Adelaide, Australia. 


Huntite, Mg;Ca(COs)s, occurs as a weathering product in the Pro- 
terozoic, Torrens Dolomite, near Tea Tree Gully, South Australia. 

The Torrens Dolomite is fine-grained and compact, with minor in- 
terbedded shale and quartzite bands. Folding, minor faulting and joint- 
ing are present throughout the horizon. Around fold noses the shales and 
quartzites are often brecciated, though the dolomite itself is unbroken. 
Minor faults and a brecciated shale band are well-exposed to a depth of 
50 feet in two small quarries in the Torrens Dolomite, 1 mile east of Tea 


mee Gully. ene 
Huntite occurs as sporadic nodules in the fault zones and in the 
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brecciated shale. The distribution of the huntite strongly suggests a 
close relation to the present surface. In the fault zones huntite has not 
been observed more than 30 feet below the surface, and in the brecciated 
shale band, not more than 10 feet. 

The present soil cover is 3 to 4 feet deep and appears to be derived by 
weathering of the underlying dolomite and shale beds. The predominant 
carbonate in the soil is calcite. Examination of surficial weathering 
products in the area shows that the compact dolomite breaks down to a 
fine powdery calcite. The calcite remains in the soil or, commonly, fills 
joints and cracks in the rock. The magnesium is apparently removed in 
solution, for magnesite is only found in isolated nodules at the base of 
the soil layer. 

Faults and breccia zones localize deep weathering processes below the 
soil level and provide obvious channel-ways for descending surface waters. 
It is in these deep weathering zones that the huntite occurs. The huntite 
nodules are always found in the most porous zones, and generally in 
channel-ways that can be visually followed to the surface. The fault 
zones and breccias are filled with fragments of rock and huntite nodules 
up to 6 inches in diameter, set in a fine clay matrix. X-ray powder dif- 
fraction studies have shown the clay matrix to consist of kaolin, musco- 
vite, quartz, chlorite, minor talc, goethite and magnesite. 

In this deposit, huntite does not appear to form at depths greater than 
30 feet below the surface. Suitable water channels persist below this 
depth, but the only carbonates present are dolomite and nodular mag- 
nesite. 

No evidence has been found which suggests that huntite forms by in- 
teraction of dolomite and descending surface waters. Huntite has not 
been observed crusting either dolomite fragments or magnesite nodules. 
Since it is always nodular and is found in brecciated shales, the evidence 


TaBLe 1. ANALysIS OF HuUNTITE, TEA TREE GULLY, SouTH AUSTRALIA 


(1) (2) 
MgO 34.4 Some 
CaO 16.0 15.6 
CO, 50.4 48.9 
Cle ane, N.D. 
Insol. Nil. INGD: 
Total 100.8 97.7 


(1) Analysed in Geology Department, University of Adelaide. 
(2) Analysed by J. T. Hutton, Soils Division, C.S.1.R.0. 


NOTES AND NEWS 161 


strongly suggests that the huntite is formed by direct precipitation from 
descending surface waters. However, the possibility that huntite may 
form by interaction between descending surface water and previously 
formed magnesite nodules cannot be ignored. 

In appearance and physical properties the huntite is identical with 
that reported from Currant Creek, Nevada, by Faust (1953). The grain 
size is less than two microns. 

Two nodules have been analysed (see Table 1). One analysis was made 
in the Geology Department, University of Adelaide, the other by J. T. 
Hutton, Soils Division, C.S.I.R.O. The C.S.I.R.O. sample contained 
some insoluble clay material, which accounts for the numerical differ- 
ences between the two analyses. The two analyses are in excellent agree- 


TABLE 2. X-RAY POWDER D1FrFRACTION Data FOR HuNTITE* 


dA I dA I dA I 
5.64 W 1.515 VVW 1-114 VVVW 
4.73 VW 1.479 M 1.102 VVW 
3.63 WwW 1.462 VVW 1.095 VVW 
ja? VVW 1.450 VW 1.080 VVW 
2.89 M 1.443 Ww 1.074 VVW 
2.830 VVS 1.415 VW 1.055 VVW 
2.74 VW 1.395 Ww 1.044 Vw 
2.598 M 182 VW 1.037 VVVW 
2.443 M 1.370 W 1.006 M 

(Doublet) 
Do72 M 1.354 W 0.9957 VVVW 
2.279 W 1.333 VW 0.9865 VVVW 
9 188 M i318 W 0.9785 VW 
1.988 W 1.302 M | 0.9735 W 
1.966 VS 1.291 VVVW | 0.9625 VVVW 
1.895 VVW D277 VW 0.9554 VVVW 
1.888 Vw 1.259 VW | 0.9508 W 
15.832 WwW 1.244 Vw 0.9444 VW 
1.818 VW 1.239 WwW 0.9395 Ww 
1.793 W 1.218 W 0.9322 VVVW 
1.762 vs 1.205 VW 0.9264 Ww 
1.752 AS) 1.195 VVW 0.9199 VVW 
1.696 M elas W 0.9174 VVW 
1.651 Vw 1.161 W 0.9143 VW 
1.608 VVW (via? W 0.9071 VVVVW 
1.581 M 1.133 VVW 0.8983 VVW 
1.523 Vw 1.125 M 


* These data were obtained from 5 x-ray powder diffraction photographs taken with a 
Philips 114.83 mm. diameter camera, using cobalt radiation with an iron filter. The 
necessary corrections for film shrinkage were applied. 
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ment, and in both cases the formula is obviously Mg3Ca(COs)a. 

X-ray powder diffraction data (Table 2) are in agreement with those 
of Faust (1953) and Koblencz and Nemecz (1953). More diffraction 
lines have been recorded than reported by the previous workers, and not 
all can be indexed on the unit cell proposed by Faust. A spacing of 2.74 A, 
not previously reported, has been persistently recorded and does not 
vary in intensity from sample to sample which would be expected if it 
were due to an impurity. This diffraction line has now been recorded in 
Currant Creek, Nevada material (Personal communication, Dr. George 
T. Faust, Feb. 1957). 

Attempts to refine the unit cell proposed by Faust, to fit the observed 
x-ray diffraction data, have been unsuccessful. 


REFERENCES 


Faust, G. T., (1953) “Huntite, Mg;Ca(COs)4, a new mineral.” Am. Mineral. 38, 4-24. 
KoBLENCZ, V., AND NEMEcz, E., (1953) ‘““Huntite from the Dorog Mine, Dorog, Hungary.”’ 
Foldtani Kézliny 83, 391-395. 


THE AMERICAN MINERALOGIST, VOL. 43, JANUARY-FEBRUARY 1958 


CHROMIAN MUSCOVITE FROM BAKER MOUNTAIN, VIRGINIA 
R. V. Dierricu, Virginia Polytechnic Institule, Blacksburg, Virginia. 


Further research concerned with possible correlation between type and 
color of mica and intensity of color of associated kyanite, as previously 
outlined by the writer (Dietrich, 1956), has been postponed indefinitely 
because of a shift in research objectives. The following data derived from 
already completed studies of chromium-bearing muscovite (‘‘fuchsite’’) 
from Baker Mountain, Prince Edward County, Virginia, are presented 
here because it is believed that possibly other workers may find them of 
value. 

1. X-ray investigations: The mica is of the 2M type. As compared to 
“pure K-muscovite” this chromian muscovite has a slightly larger c¢ 
sin B value (10.00 A and 10.10 A, respectively, for 002 reflection). Partial 
substitution of Cr+ (radius .63 A), Fe+? (radius .64 A), and perhaps Fet? 
(radius .74 A) and V+*+4+5 (radii .59 A, .63 A, and .74 A, respectively) 
for Al*® (radius .57) probably accounts for this. 

2. Optical properties: 


Pleochroism—slight in thick cleavage fragments 
Indices of refraction—a—-1.553 (calc.) 
B—1591 
y— 1.596 
Biaxial (—) 
ee Ce Se 
Slight dispersion r>v. 
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3. Specific Gravity: 24.8+.01 
4. Chemical data: 


Analysis (a) and analysis reduced to atomic proportions on the basis of O=48 atoms (6): 


(a) (b) 

SiO» 47.00 Si 12.57] 
TiO» .55* 16.00 
AlO; 34.58 Al ne 
Cr.0; nt, Cr 035 
V0; 07 V O1 
Fe,0; 1.02 Fe!” Si 
FeO .29 Fe’ 065! 8.40 
Mn tr. 
Li.O tr. 
MgO 1.30 Mg 152 
CaO 14 Ca .04) 
Na.O 1.99 Na 123s oe og 
BaO 9 Ba ‘Otieae & 
K:O 7.90 K 8) 
Rb:O OL Rb 
Cl tr. 
F 1.27 F Sy 
H.O+ 3.60 OH 6.78) 48.00 
H,0- 19 O 39.95 

100.20 


(Analyst: C. O. Ingamells, Rock Analysis Laboratory, University of Minnesota.) 


* The titanium oxide was not included in the calculations made to reduce the analysis 
to atomic proportions because it is believed to represent contamination by rutile. Possibly 
a small amount of the ferric iron, vanadium, and even chromium also are carried by the 


rutile. 


The analysis expressed as a formula is 4[(K, Na, Ca, Ba, Rb) (Al, Cr, 
Fe’’”’, Fe’, Mg, V)o.10 (Al.s6 Sizs.14) Oo.99(OH, F)2.01] which is remarkably 
similar to the formula that would represent the ‘‘average numbers of 
atoms” of the 9 analyses presented by Whitmore, e al. (1946, Table 3, 
p. 9), i.e., 4[(K, etc.) (Al, etc.)1.93(Al Sis)Oo.65(OH, F)2.35] and also to 
the ‘‘ideal muscovite” formula, 4[K Alo(AISi;)0,)(OH, F)e]. 

The chromium content of this ‘‘chromian muscovite” is less than that 
reported for any muscovite termed “‘chromian muscovite,” “fTuchsitée,’ Or 
the like. That the indices of refraction also are lower than those of any 
of the previously studied specimens corroborates the suggestion (Sza- 
deczky-Kardoss, 1937) that the indices increase with the chromium 
content. On the other hand, if the calculated value of @ is correct, on the 


basis of formula 


i 1 
s (BP 
VoO= i fe 
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the suggestion (ibid.) that the birefringence also increases with chromium 
content is not substantiated. The data presented by Whitmore, e/ al. 
(1946, Table 4, p. 11) also point out the lack of agreement between ob- 
served values and the suggested relationship between birefringence and 
chromium content. 

Actually, the chromium content is so low that perhaps the mineral is 
nearer “pure muscovite” chemically than are many ‘“‘muscovites” which 
are impure because of other elemental contaminations. Here, for example, 
despite the fact that this muscovite contains more than nine times as 
much iron as chromium, it probably would be referred to by no one as 
ferri- (or ferro-) muscovite. However, the perhaps less significant, though 
more readily apparent, fact that the muscovite is definitely abnormally 
greenish in color has led nearly all previous workers to use some connota- 
tion related to its chromium content. Further, it is not impossible that 
some of the greenish color is dependent upon, or at least contributed to 
by, the vanadium content. In any case, here is another fine example of 
the fact that certain elements are strong pigmenting agents even in 
extremely small amounts. 

It is of at least passing interest that the Baker Nisan material con- 
tains lithium and barium. Partridge (1937, p. 458) noted that these ele- 
ments are characteristic of the Mashishimala, Northeast Transvaal, 
material. Perhaps, instead, they are characteristic of chromium- and/or 
vanadium-bearing muscovite. 

The chromium-bearing muscovite, herein described, occurs with kya- 
nite, rutile, quartz, and minor zircon. Its distribution ranges from a role 
of the predominant mineral (up to nearly 100 per cent) of schistose segre- 
gates through a major constituent of a kyanite schist to a relatively 
minor constituent of a kyanite-bearing quartzite. The rutile occurs in 
nearly all cases as small (less than 1X1X1 mm.) grains intimately 
associated with the mica. Zircon is present in microscopically distin- 
guishable grains, as inclusions in the mica, only. In some specimens 
kyanite and the mica are associated in such an intimate manner that the 
mica occurs along cleavage planes of individual kyanite laths. It was 
because of these relationships that the material had to be hand-sorted 
and checked microscopically prior to chemical analysis. Despite this 
care, the analyst reported that at one stage he detected a small residue 
containing kyanite, rutile, and zircon. 

Although no corundum occurs with this suite, the paragenesis appears 
to fit best “Type 3” of Whitmore et al. (1946, p. 18), of which it is sug- 
gested that it represents formation at high temperature and high pres- 
sure with the chromium likely having “.. . origin in solutions derived 
from some magmatic source.” Jonas (1932) who has made the most com- 
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plete study of the deposit suggested essentially the same conditions but, 
although she did not mention the chromium separately, appeared to 
favor the derivation of constituent elements from the original sediment. 
She thought the suggestion of Taber (1913) that the kyanite-bearing 
rock might have been formed as a result of contact metamorphism asso- 
ciated with intrusion of the “Columbia granite” to be an unlikely answer. 

The writer wishes to acknowledge the fact that J. J. Glass checked 
some of the optical determinations. The chemical analysis was paid for 
by the Kyanite Mining Corporation, through a grant to the Virginia 
Engineering Experiment Station of the Virginia Polytechnic Institute. 
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A COMPLEX FORM OF NATURAL NEPHELINE FROM 
IIVAARA, FINLAND 


Tu. G. SanaMa, Institute of Geology, University of Helsinki, Finland. 


In a paper dealing with the petrology of the cancrinite-ijolite from the 
alkaline massif of Iivaara in northern Finland, Lehijarvi (1956) described 
a nepheline with 19.8 atomic %K/(K+Na+Ca). The same nepheline 
sample was also used by Smith and Sahama (1954) in developing an 
x-ray method for determining the composition of natural nephelines. 
Another sample of nepheline that, according to a personal communica- 
tion of Mr. Lehijirvi, originates from an exactly similar rock specimen 
(this Institute collection No. 9341) from the same locality, was inves- 
tigated by single crystal x-ray methods. The result of this study is briefly 
summarized in the following. 

In addition to the strong reflections that correspond to the ordinary 
nepheline structure with ao= 10 A and «~=8.4 iN a series of rotation and 
Weissenberg photographs revealed a pattern of weak extra reflections 
which are observable only on strongly exposed photographs. These weak 
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reflections indicate that the ordinary nepheline cell is only a pseudo cell 
and that the true cell is considerably larger. Like the pseudo cell, the 
true cell is also hexagonal. The a-axes of the cells are at an angle of 30°. 
The dimensions of the true cell are: a)=17.4 A; co=76 A+1 or 2%. A 
rotation photograph about the c-axis shows the presence or absence of 
the following layer lines: 


Layer lines with 1=9”0 0. ..7 owes se OLEOn ee 
Layer lines with 1=977E 27 8 o.oo VEL iedes 
Layer lines with 197 or 972:25. 1) = as absent. 


As revealed by the Weissenberg photographs, the rules limiting possible 
reflections are: 


For (hkil) reflections: if /=9n then /—h and 1—k=3n. 
if /=9n+2 then there are no restrictions. 
For (000/) reflections: /= 187. 


The extra reflections of the true cell are too weak to allow a determination 
of the space group to be made with any certainty. _ 

The author is indebted to Dr. J. V. Smith, of the Pennsylvania State 
University, for checking the measurements of the x-ray films. 
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A CHART SHOWING THE SPHERE OF INFLUENCE OF ATOMS 
AND IONS IN MINERALS 


Jerome H. Remicx, Mineralogical Laboratory, University of Michigan, 
Ann Arbor, Michigan 


A chart showing both the radii and valences of the atoms and ions 
which enter into minerals can easily be constructed by pressing trans- 
parent colored Zip-a-tone circles onto a large size (76”X52”) periodic 
chart of the elements (Fig. 1). The chart is entirely visual and at a glance 
one can tell the valence of the ion and its relative size. It has proven to 
be particularly useful in teaching mineralogy and geology courses dealing 
with mineral formation. The chart is easily amenable to changes as the 
colored Zip-a-tone circles are easily replaceable. 

The data for the selection of valences found in minerals were taken 
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from Goldschmidt (1954), Green (1953) and Rankama and Sahama 
(1950). Only the valences found in minerals were used. Circles represent- 
ing the radii of elements formed only from radioactive disintegration 
processes and those of the inert gases are not shown. 

Atomic and ionic radii as given by Green (1953) were used for this 
chart. The values in angstrom units were multiplied by 2108 so as to 
give the radii in centimeters of the circles. For example, the ionic radius 
for O~ (1.40 A) when multiplied by 2108 cm./A gives a radius of 2.80 
cm. This was found to be the best scale for the chart as the large ions 
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Fic. 1. A chart showing the sphere of influence of atoms and ions in minerals. (Although 
in the photograph some of the circles appear opaque, they actually are transparent.) 


such as Br and I- just fit in their respective squares. Some overlap 
occurs with the circles in the squares for Hg, Se, Te, and I. Since the 
value for the ionic radius for H+ is too small to show to scale, its size is 
exaggerated so that it is visible. It is the only circle on the chart that is 
not to scale. 

Each valence is designated by a specific color, the colors being used in 
the order in which they appear in the spectrum. A valence of +1 is 
represented by red circles, +2 by yellow circles, +3 by green circles, +4 
by blue circles, +5 by purple circles, and +6 by gray circles, Elements 
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having a valence of —1 are represented by lighter red circles and those 
of —2 by lighter yellow circles. 

Colored circles showing valence are at the top of the chart just under 
the sub-group numbers. These have radii of 2 cm. which represents a 
value of 1 A, so a rough idea of the size of any radius on the chart can 
be had by comparison with these unit circles. 

Atomic radii are shown by a transparent black and white ruled pattern 
and are located in the upper part of the square over the atomic number. 

Colored circles showing the relative size of the ionic radius or radii for 
each element, with appropriate color for different valences, are located 
in the lower part of each square over the value for the atomic weight. If 
more than one ionic radius of positive valence is given for an element, the 
radius with the lowest valence is placed to the left. Valences of the same 
value and so of the same color are aligned so that their centers are in a 
straight vertical line as for instance Ti**, Zr+4 and Hft*. The circles re- 
presenting the positive ionic radii for each period are aligned horizontally 
so that their centers are on a straight line across the chart. 

The Zip-a-tone circles were cut out with a compass with a small piece 
of sharpened steel in place of the usual pencil point. 

The writer wishes to thank the Fisher Scientific Company for permis- 
sion to use a photograph of their chart. Thanks are also rendered to 
Professors R. M. Denning and E. Wm. Henirich of the Mineralogical 
Laboratory, University of Michigan and to Drs. E. Ingerson and C. L. 
Christ of the U. S. Geological Survey for their suggestions, comments, 
and criticisms of this chart. If perchance the writer has repeated an- 
other’s idea, he has done so unknowingly and unintentionally. 
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NONFIBROUS ULEXITE FROM THE KRAMER DISTRICT, CALIFORNIA* 


Ropert D. ALLEN, Jel Propulsion Laboratory, California Institute of 
Technology, Pasadena, California 
AND 
Hy AtmonD, U.S. Geological Survey, Claremont, Californiat 


Veinlets of a vitreous nonfibrous transparent mineral were observed on 
a specimen of bedded euhedral borax and clay from the Jenifer mine by 
Siegfried Muessig, U. S. Geological Survey. The vitreous mineral, first 
recognized after the enclosing vitreous borax had dehydrated to white 
tincalconite, was subsequently identified as strontium-bearing ulexite 
by chemical analysis and verified as ulexite by x-ray examination. The 
ulexite veins, which occur in a zone up to 10 mm. wide, are from less 
than 1 mm. to 4 or 5 mm. wide and irregularly separated by borax—now 
altered on exposed surfaces to tincalconite. Clay and disseminated realgar 
are associated with both borax and the ulexite. 

The ulexite occurs in irregular or crudely radiating columnar to bladed 
masses and in prismatic crystals. Individual columns or blades are 
striated parallel to their length and are up to 5 mm. long and 1 mm. wide; 
they exhibit prominent cleavages parallel to their length—presumably 
the {010} and {110} cleavages of ulexite. Discrete crystals, some of 
which are doubly terminated, are usually not longer than 0.5 mm. or 
wider than 0.2 mm. 

Microscopically, the ulexite grains are short prismatic crystals or 
nearly equant cleavage fragments (in crushed material). Some of the 
crystals exhibit a single twin plane. Neither the long prismatic habit nor 
polysynthetic twinning, both so characteristic of most ulexites, were ob- 
served. The optical properties of non-fibrous ulexite are as follows: ana 
1.493+0.001, Bra 1.505+0.001, yna 1.526+0.001, birefringence (y—a@) 
0.033 +0.002, 2V (calculated) 75°.f 


* Publication authorized by the Director, U. S. Geological Survey. 

+ Present address, Autonetics Division of North American Aviation, Inc., Compton, 
Calif. 

t According to W. T. Schaller (private communication) the published y index of 
ulexite, 1.519 or 1.520, is in error and y is actually near 1.530. He mentions various non- 
fibrous ulexites from the Kramer district whose indices lie in the following ranges: a, 1.490 
to 1.493; B, 1.505 to 1.507; y, 1.528 to 1.531. 
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The chemical analysis of nonfibrous ulexite is eompared with the 
theoretical oxide percentages for ulexite in the columns below. 


Nonfibrous Ulexite Theoretical Ulexite 
Na.O 7.85% 7.65% 
CaO Seoul 13535 
SrO 1.06 — 
B:O3 ANE Soll 42.95 
H2O (+ and —) 36.41 3,0) 
Total 100.14 100.00 


Two fibrous ulexite samples from the Kramer district were analyzed 
for strontium oxide with a spectrophotometer to evaluate the significance 
of the strontium oxide content found in nonfibrous ulexite. One contained 
0.118 per cent, the other, 0.056 per cent—each considerably less than the 
1.06 per cent found by the same method in nonfibrous ulexite. 

X-ray powder patterns of nonfibrous and fibrous ulexites from the 
Kramer district are practically identical with respect to interplanar 
spacings and relative intensities. 

The presence of strontium in the ulexite devennede may account for its 
nonfibrous character. 
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MAGNETIC SUSCEPTIBILITIES OF MINERALS IN THE FRANTZ 
ISODYNAMIC MAGNETIC SEPARATOR! 


SAM RosEensLvuM, U. S. Geological Survey Denver Federal Center, Denver, 
Colorado 


The following list (Table 1) and the accompanying chart (Fig. 1) of 
magnetic susceptibilities of minerals were compiled to fill the need for a 
guide in separating minerals in an isodynamic magnetic separator, and 
were especially designed for the occasional ‘‘do-it-yourself”’ user. 

The magnetic susceptibilities on the chart are in terms of increasing 
amperages on the Frantz separator and are valid only for the tilts in- 
dicated: i.e., 15° side, 25° forward. For other settings of tilt, the amper- 
ages will serve as relative magnetic susceptibilities of the minerals, and 
the chart should then be used only as a guide. 

The writer worked chiefly with grains in the 100-150 mesh size range, 
but found the same results are obtained with grains in the 65-100 mesh 
and 150-200 mesh ranges. No data are available for mesh ranges other 


' Publication authorized by the Director, U. S. Geological Survey. 
* Present address: ICA/MSM-China, APO 63, San Francisco, California. 
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amps 0 4 22 A 5 6 7 8 SG 0 1! 12.13 14 15 16 17 


Magnetite an : 

-Pyrrhotite .—__. 

Ilmenite ee, : 

Garnet (em rene omental sca ; 

Chromite ; - tomy Range of extraction 
Columbite ee mum Range ot best recovery 
Chlorite oe : - (on increasing amperage) 
Biotite ; Co ee 

Parovskite ee 
Euxenite — / ie 
Hornblende [ So i oe 
Pyroxene gorse i 
Xenotime _ — | 2 
Allanite. : = i 
Tourmaline plockoprown green 
Epidote —_ 
Gahnite ( spinel) i ROR 
Monazite  ._—s_—awn. en i ) 
Rutile black-brown brown to red d 
Thorite ; : 

Muscovite a eterna 


RESIDUE AT 1.7 amps. 


Hematite 
Bornite 
Tetrahedrite-tennantite 
Uraninite : 
Zircon 
Cassiterite 
Pyrochiore 

Microlite ; 
‘Covellite ‘ 
Feldspars 

Kyanite and sillimanite- 

Staurolite . 

Chalcocite 4 
Thorianite 

Sphalerite | —Macmatite 

Enaraite | 

Arsenopyrite 

Galena 

Chalcopyrite 

Pyrite 

Scheelite 

Barite 

Quartz 

Apatite 

Fluorite 

Topaz 

Molybdenite 


Malacon (Cyrtolite ) 


Fic. 1. Magnetic susceptibilities of minerals in Frantz isodynamic magnetic separator 
(side tilt 15°; forward tilt 25°; dried grains in 100-150 mesh range). 


than these. The 100-150 mesh range is probably best for most crushed 
medium-grained rock samples, as the percentage of locked grains is 
generally small, and the grains are easier to manipulate and identify 
than smaller sizes under the binocular and petrographic microscopes. 


i 
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TABLE 1 


Extraction range 


Best extraction range 


Mineral (amps.) (amps.) 
Allanite 25— .95 .40— .50 
Apatite 1.4°=1.7-- leds 
Arsenopyrite 1.35=1.7-+ 
Barite 1.7+ 
Biotite .25-— .50 .32- .40 
Bornite .60— .75 
Cassiterite .15-1.7+ 1.7+ 
Chalcocite 1.1 -1.7+ 
Chalcopyrite 9 -1.7+ 1.7+ 
Chlorite .20— .40 
Chromite .25— .40 .30- .35 
Columbite .20- .55 .30- .40 
Covellite 1.0 -1.2 
Enargite io) =. de 
Epidote .40— .55 
Euxenite 24— .50 A0-— .45 
Feldspars 1.0 -1.7+ 1.7+ 
Fluorite 1.7+ 
Gahnite 40— .80 .50- .65 
Galena 1.7+ 
Garnet .15- .70 .20— .35 
Hematite .60— .70 
Hornblende .30— .50 
Ilmenite .10-— .40 18- .21 
Kyanite and sillimanite 10 =. 055 
Magnetite 0 - .05 .02(—) 
Microlite .80-1.7+ 1.7+ 
Molybdenite 1.7+ 
Monazite .30-1.0 55= 15 
Muscovite .40-1.5 
Perovskite .30— .50 40— .45 
Pyrite 1.4 -1.7+ 1.7+ 
Pyrochlore .80-1.0 
Pyroxene .20— .60 Si= ceil) 
Pyrrhotite ORs e25 02— .04 
Quartz 1.7-- 

Rutile 25-1.7+ 

Scheelite 1.4 -1.7+ 1.7+ 
Sphalerite 35-1.7+ 

Sphene SOLS) iO) 
Staurolite 1.0 -1.7+ 
Tetrahedrite-tennantite .65-1.3 

Thorianite 20-1.7+ 1.7+ 
Thorite .30-1.7+ 75-— .90 
Topaz 1.7+ 

Tourmaline .30-1.7 Oo LoD 
Uraninite Os 495 

Xenotime .30-— .90 -45-— .50 
Zircon 40-1.7+ 1.7+ 


It is suggested that removal of magnetite and pyrrhotite is most effici- 
ently accomplished with a hand magnet and it will avert clogging in the 


Frantz separator. 


Most of the data were determined by the writer; those for the ore 


—e, 


NOTES AND NEWS 173 


sulfides and the columbates were taken from articles by Gaudin and 
Spedden (1943), and Jacobson, Cawley, and Macleod (1951). Data for 
fluorite, kyanite and sillimanite, molybdenite, staurolite, topaz and 
uraninite were supplied by David Gottfried (written communication, 
1957) of the U. S. Geological Survey. 

The purpose of this note is two-fold: (1) to present data available on 
some of the common rock-forming and ore minerals, and (2) to urge 
others to present similar data for other minerals. The isodynamic mag- 
netic separator is a most useful tool in the mineralogical laboratory and 
its characteristics in the separation of minerals do not seem to differ ap- 
preciably from one instrument to another. A more complete chart of 
magnetic susceptibilities for this instrument is desirable and may in 
some cases be useful in determinative mineralogy. Additions to the fol- 
lowing list will be welcome. 
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The Department of Mineralogy and Petrography, Harvard University, made a sub- 
stantial contribution toward the cost of the enlarged November—December 1957 issue of 
the American Mineralogist. 


Dr. Paul F. Kerr, Professor of Mineralogy at Columbia University, has been presented 
with the third K. C. Li Medal. This medal is awarded for ‘‘Meritorious achievement in 
advancing the science of tungsten.” The two former recipients are Dr. William D. Coolidge, 
Director Emeritus of the General Electric Research Laboratory, and Dr. Thomas B. Nolan, 
Director of the U. S. Geological Survey. 


Professor W. N. Benson, of the University of Otago, Dunedin, New Zealand, died 
August 20, 1957, at the age of 72. ; 


NATIONAL SCIENCE FOUNDATION GRANT 


The National Science Foundation will award grants to partially defray travel expenses 
for a limited number of American scientists wishing to participate in the meetings of the 
International Federation of Electron Microscope Societies. This meeting is to be held in 
Berlin, Germany, 10-17 September, 1958. . 

Application blanks may be obtained from the National Science Foundation, Washing- 
ton 25, D. C. Completed application forms must be submitted by 15 February, 1958. 
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THE STRUCTURE AND PROPERTIES OF NATURAL AND 
SYNTHETIC MINERALS 


An invitation conference on the above theme was held at the College of Mineral Indus- 
tries, The Pennsylvania State University, from July 5 to 8, 1957. Five sessions were held 
on the following subjects: 


Polymorphism and polytypism 

Calcium silicate hydrates, serpentines and chlorites 
Feldspars and micas 

Ferroelectric and ferromagnetic materials 

Zeolites and phase-equilibrium investigations 


The first, second and fourth sessions will be reported in the Budlletin of the American 
Ceramic Society, while the third and fifth sessions are reported here. 


Third Session: 


Dr. W. F. Bradley (Illinois Geological Survey) proposed a structure for muscovite in 
which the deviation from the ideal hexagonal layers was obtained from a consideration of 
the geometrical restrictions imposed by the necessity for a fit between the tetrahedral and 
octahedral groups. The resulting distortion was in good agreement with the observed 
geometry of muscovite. Dr. Bradley pointed out that this idea could be extended to other 
minerals and might well prove to be an an important principle in crystal chemistry. 

Two contributions to the long-standing problem of the structure of the intermediate 
plagioclases were given. X-ray photographs reveal pairs of reflections whose separation 
varies with the An-content and whose sharpness varies with the thermal and petrological 
history. Their origin is as yet unexplained though some sort of ordering and/or segregation 
is thought to be responsible. Dr. F. Chayes (Geophysical Laboratory) described the results 
obtained from a simple diffraction apparatus in which a grating containing ‘“‘ordered and 
disordered” points was used. This gave the doubled pairs of reflections seen in photographs 
of plagioclase and promised to give a rapid check of any models proposed for the plagio- 
clase structure. In addition, Dr. Chayes applied his statistical skill to an analysis of the 
different ways, the runs and the sequences obtained when two types of atoms are placed 
on a single array of points. Dr. H. D. Megaw (University of Cambridge, England) has 
used the mathematical theory of A. J. C. Wilson to approach the problem and obtained 
fairly good agreement by using a different model for each of the three principal axes. The 
two approaches paralleled each other and the partial success so far achieved leads to the 
hope that a complete solution of this intriguing phenomenon will not be far waay. 

Professor J. Wyart (Paris, France) described experiments in which alkali feldspars had 
been subjected to heat treatment in the presence of mixtures of NaCl and KCl under dry 
and aqueous conditions. The products were indentified by x-ray powder patterns. Under 
dry conditions low albite and adularia (orthoclase) could be interchanged, as could sanidine 
and analbite (high albite). Under wet conditions the low feldspars were transformed into 
high feldspars. The experiments under dry conditions promised to lead to a determination 
of the extent of solid solution, for discontinuities were observed in the plots of NaCl:KCl 
ratio versus composition of the alkali feldspar deduced from the powder patterns. Discus- 
sion centered on the question of whether the conversion of the low feldspars to the high 
feldspars under aqueous conditions at the comparatively low temperatures of experimenta- 
tion (~400° C.) represented equilibrium conditions or merely solution of the feldspar in the 
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fluid with recrystallization in the disordered state (as observed by Goldsmith for micro- 
cline). 

Dr. H.S. Yoder, Jr. (Geophysical Laboratory, Washington D. C.) described the phase 
equilibrium studies on alkali and ternary feldspars carried out by himself, and Drs. D. B. 
Stewart and J. R. Smith. Under the high pressure of water used in the bombs (5000 bars), 
the unmixing solvus of the alkali feldspars intersected the liquidus-solidus curves at Ory A beg 
OrssA by and 698° C. The crest of the solvus differed by 40° C. from that obtained by Bowen 
and Tuttle and this was attributed to the effect of pressure. Dr. Tuttle, however, sug- 
gested that it may be the result of a change in the structural state of the feldspar. Dr. J. V. 
Smith (Penn. State) described the studies carried out in collaboration with Dr. Wm. 
Scott MacKenzie (University of Manchester, England) on alkali feldspars from igneous 
rocks, selected to represent the trend from volcanic through hypabyssal to plutonic condi- 
tions. A series of phase diagrams for the various cooling rates was proposed. 

Dr. F. Laves (Ziirich) described the results obtained by the application of infra-red 
absorption methods to alkali feldspars. The low temperature feldspars show a multiple 
set of absorptions near 11 in contrast to the more uniform change of absorption for the 
high-temperature feldspars. 


Fifth Session: 


Dr. D. W. Breck (Linde Air Products Company, Tonawanda, N. Y.) reported on recent 
studies on the zeolites. About thirty zeolites are known to occur in nature and about 
twenty more have been synthesized in the Linde and other laboratories. Some of the 
zeolites have large inter-connected cavities in the framework of Si, Al tetrahedra, which 
lead to remarkable absorption and sieve-like properties. In particular, Dr. Breck de- 
scribed the properties of the Type-A synthetic zeolite whose synthesis and crystal structure 
were recently established at Linde. It contains large cavities 11.4 and 6.6 A in diameter 
interconnected by openings 4.2 A in diameter. Among its capabilities is the power of 
separating straight chain from branched chain hydrocarbons. 

Professor W. Nowacki (Bern, Switzerland) described the structure of faujasite, another 
zeolite that contains large cavities. Professor H. O’Daniel and Dr. K. Fischer (Frankfurt, 
Germany) in a written communication described recent work in which faujasite has been 
assigned the formula (Ca, Mg, Naz)AleSisOi2:8H2O, herschelite has been found to be 
twinned chabazite with one-dimensional disorder and the structure of gmelinite has been 
determined. 

Mr. P. Saha (Penn. State) described syntheses of analcite and other zeolites from com- 
positions ranging from albite to nepheline. His discovery that analcite can be formed with 
the composition NaAISi;Os (albite) led to the suggestion that some authigenic albite might 
represent the breakdown of analcite solid solution. Dr. L. Sand (University of Utah) men- 
tioned the occurrence of enormous deposits of mordenite-ptilolite in the western United 
States. 

Dr. R. Roy (Penn. State) discussed the nature of the polytypic changes in mica and 
examined the experimental evidence for the existence of a difference in free energy between 
different polytypes. Mr. F. Dachille (Penn. State) described results obtained from high- 
pressure squeezer type equipment: P, T data for the coesite form of BeF: and the high- 
pressure form of B20; among others were presented. There has been some controversy 
concerning the effective cross-section between the pistons of the apparatus and Mr. 
Dachille suggested that the pressure must be carried by the whole cross section in runs 
made at high T and P because the metal of the jaws was found to be deformed after the 
runs. An attempt to determine the nature of infra-red absorption patterns, and in particular 
their suitability for the estimation of ionic coordination, by the use of model structures and 


polymorphs was described. 
P. Sawa AND J. B. SmitH 


BOOK REVIEWS 


TABLES FOR THE MICROSCOPIC AND X-RAY DETERMINATION OF THE 
OPAQUE MINERALS (“TABLAS PARA LA DETERMINACION MICRO- 
SCOPICA Y RAYOS X DE MINERALES OPACOS”) 2d enlarged edition, by 
ALEJANDRO NovirzKy. Universidad Técnica de Oruro, Biblioteca de Estudios 
Técnicos No. 2, Oruro, Bolivia, 1957, 268 pages, 1310 inches. Price $12.00. 


This work is a compilation of nearly all existing data for the microscopic and x-ray 
determination of 298 opaque minerals. An introductory table of six pages lists all of the 
minerals, arranged in groups of isotropic, weakly anisotropic, strongly anisotropic, and 
minerals frequently showing internal reflections. Each group is divided into three sub- 
groups according to “polishing hardness,” with galena and chalcopyrite as index minerals 
for comparison. Each sub-group of the weakly anisotropic minerals is further divided into 
three categories showing very weak, weak, and noticeable birefringence. The groups are 
divided into.17 columns by color. This arrangement, into some 130 sub-groups, facilitates 
the use of the main tables which follow, each of which deals with one of the 17 color classes. 
In the second group of tables, each mineral is named, and its composition, crystal system, 
density, hardness, magnetism, macroscopic observations—color and cleavage—color ‘hue’ 
or tint, with comparison to other minerals, reflectivity, pleochroism, zoning, cleavage, 
Talmage and polishing hardness, optical phenomena in cedar oil such as color, reflectivity, 
and pleochroism are given. These data all refer to observations under parallel nicols, and 
are followed by similar data under crossed nicols, in air and cedar oil, of anisotropy, in- 
ternal reflections, and twinning. Next, a list of associated minerals, diagnostic criteria, and 
provenance are tabulated. 

These tables, including the six introductory pages, comprise 95 pages of the work. 
There follows a seven page section on microchemica] reactions of the various metals present 
in ore minerals. Then 28 pages give for each such metal a tabular list of minerals containing 
it, with brief diagnostic microscopic criteria. Forty-five pages follow on etch-reactions, first 
arranged according to reagents employed, then there is an alphabetical listing of minerals 
giving their specific etch-reactions. Eighteen pages contain reflection data, in air and oil, 
by photo-electric cell and photometric ocular (data for O and E), for various wave lengths 
of light. The X-ray Section of 73 pages concludes the book. The first four pages list all the 
minerals in order of the strongest of the three main lines of the diffraction pattern. The 
other 69 pages give complete powder data for each mineral, with reference to the source of 
the data. 

Evidently, Novitzky has compiled in one volume for Spanish speaking workers the 
data of Short, Harcourt and Uytenbogardt, in English, and of Schneiderhéhn and Ramdohr 
in German, as well as information from other sources. There is little outside of some of the 
x-ray data not already available in the several standard works mentioned, but it is con- 
venient to have it all in classified tabular form in a single volume. 

The typography and grade of paper are good, though the paper cover may require 
re-enforcement if the book is to be used steadily for reference. 

For Spanish speaking mineralogists, to whom the English and German texts are not 
readily available, and where an «-ray diffraction film library is lacking, Novitzky’s work 
will be especially useful and welcome. 

EARL INGERSON 
U.S. Geological Survey, 
Washington 25, D.C. 
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KLEINE METEORITEKUNDE by Fritz Hewe (Second Edition). vii+142 pages, 107 
figures. Springer Verlag, Reichpietscufer 20, Berlin W 35, Germany, 1957. Price 
D.M. 7.80 (ca $1.90). 


This little book is Volume 23 in Springer’s popular science series. It is considerably 
larger than the first (1934) edition, having had 23 pages of text and 15 illustrations added. 

The new edition has the same chapters and sections as the original one; additional] 
material has been added to individual sections. The chapter headings are Fall Phenomena, 
Material of Meteorites, and Source and Origin of Meteorites. An appendix gives a list of 
German collections of meteorites, a table of the concentrations of the elements in meteor- 
ites, a table of the minerals of meteorites, and a four page section on tektites. 

The book is a compact summary of general information on meteorites. It is well illus- 
trated with pictures of many types of meteorites and their thin and polished sections. A 
map shows the distribution of the principal meteorite craters of the world and there are 
photographs, diagrams, cross sections, and detailed maps for more than half of these. 

EARL INGERSON 
U. S. Geological Survey, 
Washington 25, D. C. 


THE LIVING ROCKS. Photographs by Stévan CELEBONOVIC; preface by Andre Mau- 
rois; commentary by Geoffrey Grigson; translation by Joyce Emerson and Stanley A. 
Pocock. The Philosophical Library, 15 East 40th St., New York 16, N. Y., 1957. 94 
pages, 64 plates. Price, $6.00. 


The Living Rocks is a photographic essay by Stevan Célébonovic based on specimens in 
the Museum d’Histoire naturelle de Geneve, the Museum National d’Histoire naturelle de 
Paris, the British Museum (Natural History) and the Geological Survey and Museum in 
London. It is intended as the first of an Art and Nature Series to be photographed by Célé- 
bonovic, with future volumes to consist of a pictorial survey of natural and man-made 
materials, both living and inorganic, both ancient and modern. 

The full page photographs (quarto size), which are bled into the margins, are in two 
groups: Nos. 1-24 of minerals and Nos, 25-64 of fossils. Illustrations of minerals, which 
include opal, limonite, anatase, malachite, axinite, pseudomalachite, aragonite, copper, 
silver, vanadinite, pyrrhotite, stibnite, clinochlore and quartz, serpentine, heulandite, and 
scolectite, epidote and calcite, fluorite, pennine, manganite, descloisite, manganese den- 
drites, and collinsite, under from 4-20 magnification and skillful lighting, are a phantas- 
magoria of forms and groups, sharply etched in shade and sheen. Although chosen princi- 
pally for the stunning optical effects of their shapes and patterns, many photographs also 
are resplendent in crystallographic and paragenetic details. 

The collection of fossils photographed in equally effective not only in satisfying the eye 
but also in restoring to a thought of life the creatures whose remains are registered. This 
section contains a simplified geologic column. 

The text, a short delightful discourse prepared for the layman, proves more than just 
edible to the mineralogist or paleontologist and in many places is beautifully phrased. 


Most of the localities to which reference is given are in England. 
E. Wm. HEINRICH 


University of Michigan, 
Ann Arbor, Michigan 


STRUKTUR UND EIGENSCHAFTEN DER KRISTALLE by Hetmut G. F. WINKLER, 
pp. viii+314, 111 illustrations, 82 tables, 2 plates, Springer Verlag, Berlin-Géttingen- 
Heidelberg, 1955. Price 2.80 D.M. (stiff binding), 29.60 D.M. (linen). 
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The first edition of this book was reviewed in Volume 37 of this journal (pp. 132-133, 
1952). The second edition is a considerably expanded (20 per cent) and revised book. There 
are 49 additional illustrations. 

Part A, entitled ‘“Einfiihrung und Kristallgeometrische Grundlagen,” consists of a re- 
vision of the former parts, entitled ‘“Einfiihrung und Anhang-Erlauterung einiger krystal- 
lographischer Begriffe und Symbole,” and presents a general introduction to crystallogra- 
phy with emphasis on considerations pertaining to the space groups. These sections are 
now illustrated and contain 27 figures and 2 photographs. 

Part B is entitled “Kristallstrukturen und Eigenschaften” and deals with six different 
kinds of bonding in crystals, isomorphism, polymorphism, and ideal and real crystals. 

Part C, entitled ‘““Eigenschaft und Kristallstrukturen,” takes up the physical properties 
of crystalline substances (thermal conductivity, compressibility, thermal expansion, 
optical properties, hardness, and cleavage) and relates them to the crystal structures of the 
substances concerned. Those who studied physical crystallography or crystal physics 25 
years or more ago will recognize in this section a clear presentation of the modern approach 
to the subject. 

This book should appeal especially to professors teaching courses in advanced mineral- 
ogy and crystal chemistry, and to their graduate students. 

GrorceE T. Faust 
Washington, D. C. 


DIE SILIKATISCHEN TONMINERALE by K. Jasmunp: 2nd enlarged edition, Mono- 
graph No. 60 “Angewandte Chemie’? und ‘‘Chemie-Ingenieur-Technik.” Verlag 
Chemie, G.M.B.H., Bergstrasse, Weinheim, Germany, 1955, 192 pp., 43 fig., 74 tables, 
Price 17.80 D.M. 


The first edition of this book was reviewed in Volume 36 of this journal on page 924. 
This reviewer can only laud still further the excellence of this new edition. Jasmund has 
made a thorough search of the literature and has added about 277 new references, of which 
45 have been added as lettered variants of a given number such as 393, 393a, 393b. The 
book has been increased by about one-third the number of pages in the first edition. Ref- 
erences include some papers as late as 1954. 

In writing this book, Jasmund has prepared a text which will appeal particularly to 
mineralogists and petrologists. The organization, arrangement, and presentation are well 
done. It is difficult to keep a book up-to-date in a field, such as clay mineralogy, which is 
changing so rapidly. Despite this handicap, Jasmund has written an excellent treatise. The 
reviewer strongly recommends this book. 

GrorGE T. Faust 
Washington, D. C. 


S. JAMES SHAND MEMORIAL VOLUME. Annals of the University of Stellenbosch, 
Volume 33, Section A, Nos. 1-11, 575 pp., edited by M. S. Taljaard, 1957. 


Attention should be called to this volume which presents a collection of significant, 
well-illustrated papers dealing mainly with regional studies in South Africa. The articles 
are of special interest in the fields of petrology, tectonics, geomorphology, stratigraphy, 
and economic geology. 


A Critical Review of Superimposed and Antecedent Rivers in Southern Africa...... 

Wein SS eens yg eke An ee Bhzan ets celia ee Senne oem en percent by S. Maske 
The Diorites of Yzerfontein, Darling, Cape Province..................... by S. Maske 
On the Tectonic History and Some Related Sedimentational Aspects of the Witwatersrand 
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and Ventersdoys Systems in the Far East Rand, During Upper-Witwatersrand, Pre- 


Manic Vad wn Omer ene emia ta ee eR by A. F. Cluver 
Morphological Reconstruction of the Kimberley-Elsburg Series, with special reference to 
the Kimberley Group of Sediments in the East Rand Basin... .. by F. S. J. de Jager 
The River Evolution and the Remnants of the Tertiary Surfaces in the Western Little 
IRE ROY Oe SoS. Gide ach CONG ce RE EY Oe nT eo eel eC aN Dyas} e Wenz 
The Mineralogy and Genesis of the Lead-Zinc-Vanadium Deposit of Abenab West in the 
Otavi Mountains, South West Africa..............-.:...0-.-0. by W. J. Verwoerd 
The Application of the “Stereographic Projection” to Problems in Structural Geology 
Boe, By OLenO BCE, PRD a ea sacar SOE a MENTE OUP ara ae ers Ear ce Pe AE by V. Vellet 
mihes Dy KemVockcrors Caper ota lantineewy ae ieen yr Le ete eee by J. D. T. Otto 


The Geology of the Klein Letaba Gold Mine, Sutherland Range, North-East Transvaal 

5g Sco by Gees Seed en oe ae od HEED sleet oa) aCe a Pn em ar aee oa) by B. F. Weilers 
A Petrographic Study of the Waterfall Gorge Profile at Insizwa........ by D. Bruynzeel 
On the Granite-Hornstone Contact at Slippers Bay..................by J. R. McIver 


The volume (paper-bound) may be obtained through the Registrar, University of Stellen- 
bosch, Stellenbosch, South Africa. Price £5-5-0. 
WiriiaM C. KELLy 
University of Michigan, 
Ann Arbor, Michigan 


NEW MINERAL NAMES 
Francevillite 


GrorGEs BRANCHE, Marie-EpitH Ropert, FRANCIS CHANTRET, BERNARD MORIGNAT, 
AND Rosert Poucet, La francevillite, nouveau minéral uranifére. Compt. rend., 245, No. 1, 
p. 89-91 (1957). 


Analyses of four samples gave UO; 55.5, 54.9, 55.0, 55.4, W205 17.5, 17.6, 17.8, 17.5; 
BaO 9.8, 10.4, 10:2, 10!35 PbO 7.2, 7-5, 7.5, 7-4; HeOVSiin sei, Sai, S./-esuimn 98.1, oo.o, 
99.2, 99.3%; these after eliminating impurities amounting to about .0.2% of SiOz and Al,O; 
and about 0.1% of NaxO, MgO, and Fe,O;. Spectrographic analysis showed K 400-600 
p.p-m., Ca and Sn 200-400 p.p.m. Mo 100-2C0 p.p.m. Ti, Mn, and Cu about 50 p.p.m. 
The analyses correspond to (Ba, Pb)(UOz)2(VO;)2:5H2O with Ba:Pb=2:1. A sample 
from another locality, “‘d’origine metropolitaine,” contained no Pb (microchemical test) 
and apparently is the barium end-member. 

The mineral loses 7.8% H2O up to 225° and 8.7% up to 520°, but heating for three 
hours at 225° drove off 8.6%. X-ray patterns of material heated at 520° showed no change, 
and the mineral rehydrates on being allowed to stand in the laboratory atmosphere. A 
D.T.A. curve shows a large endothermal effect at about 150—200°, smaller ones at 680° 
and 900°. : 

The mineral is orthorhombic with a perfect cleavage, (001). The faces (111), and espe- 
cially (100) and (010) are rare. Optically biaxial, negative, with indices: (Pb-free) a1.750 
+0.010, 81.910 +0.005, 71.945 +0.005, 2V (calcd.) 46+2°; (lead-bearing) a1.785, 61.952, 
72.002, each +0.005, 2V (calcd) 5341° (measured 52+1°. X=c, Y=b. Pleochroic, with 
X colorless, Y and Z yellow. Does not fluoresce in ultra-violet light. Hardness 3. G. (lead- 
bearing) 4.55. 

An unindexed powder pattern is given. The strongest lines (d in A) and intensities are: 
8.30-10, 2.98-8, 4.17-6, 2.57-6, 2.10-5, 3.27-4, 2.01-4. The pattern resembles that of 
meta-tyuyamunite. 

The mineral occurs as impregnations, as cryptocrystalline veinlets, and as crystal- 
plates several mm. in thickness in sandstones in the region of Franceville, French Equatorial 
Africa. 

The name is for the locality. 

Discussion—This is apparently the barium analog of meta-tyuyamunite. 

. MIcHAEL FLEISCHER 


Bonattite 


Caro L. GARAVELLI, Bonattite: Un nuovo minerale di alterazione del giacimento 
Elbano di Capo Calamita. Rend . soc. mineralog. ital. 13, 268 (1957). 


The name bonattite is given to CuSO,-3H20, found as a secondary mineral in the de- 
posits of Cape Calamita, Elba. Chemice] analysis (not given) corresponds to 85% 
CuSO;-3H20, 15% CuSO,-5H20, with a little Fe and Mg present. The mineral is in the 
form of concretions composed of minute individuals. Artificial crystals are monoclinic, 
domatic, with a:6:c=0.432:1:0.552, 6 96°25’. The strongest lines of the x-ray powder 
pattern are 4.40 (100), 3.24 (67), 3.65 (54), and 3.42 (50). Mean indices of the natural ma- 
terial ranged from 1.578 to 1.601; the artificial material had ms, w 1.554, 6 1.577, y 1.618. 

Origin of the name is not stated; perhaps named for Prof. Stefano Bonatti of Pisa. 


M.-F. 
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SCOTT J. WILLIAMS 
Mineralogist __ 
Offers 
NEW MINERAL CATALOG 25¢ 
Specializing in Specimens for 
Collections, Museums, Research and Teaching Purposes 


Specimens for Sale or Exchange: 
2346 S. Scottsdale Road | / | Scottsdale, Arizona, U.S.A. — 


- Notice 


/ MICROTEXT EDITION OF 
OUT OF PRINT ISSUES 


All out of print issues of the American Mineralogist are now available 
in microtext edition as indicated below. The microtext is furnished on 
3x5-inch cards, each card containing 48 pages of text material. A head- 
ing on each card in regular size type indicates the volume, number, 
pages, and date. All orders that include out.of print issues will be filled 


"with the microtext edition unless it is specifically stated that it is not 


desired. The cost of the microtext edition is the same as the cost of the 
regular issue, The following issues are available. 


1-5 complete volume only 1916-1920 
et, 1924 
1925 
1941 
1942 
1943 
1944 
1945 
1946 
1947 


Send all orders to 


MINERALOGICAL SOCIETY OF AMERICA 


Earl Ingerson, Treasurer 
U. S. Geological Survey 
WASHINGTON 25, D.C. 


Aragonite. Sicily. A group of large pseudohexagonal crystals, creamy white in color, partly . 
transparent, 1114 x 12 x 614”, $75.00 hus ne TRS 
Beryl. Quebec. Blue xline in pegmatite. 5 x 7", $7.50 

$35.00 , wl 

Celestite. Sicily, Choice xled, white, with sulfur 5 x 5” to 5 x 6”, $25.00 to $35.00 — 
Cerussite. New South Wales. A group of reticulated crystals coated with anglesite 4 x 5”, 
$15.00 


-_Cerussite. Southwest Africa. Twinned ctystals on xline ‘cerussite 414 x 51/4” , $25.00; small er 


twinned crystals on bright green malachite, a museum piece, 81/2 x 12”, $200.00 


Iron, Meteoritic, var. Siderolite. First found in 1882, examples of this stony-iron meteorite 
are outstanding for exhibition or study. A polished slab, S 10.56, 254.29 grams, $50.84 
(This is only one of our méteorite specimens. Write for catalog FM 10) RA 


Molybdenite. Quebec. Rich xline with pyrite, etc. 4 x 5”, $7.50, $10.00, 
Monticellite. California. Brown xline, partly xled in blue calcite 41/4 x 514", $7.50 
Phosgenite. Sardinia. Partly xled 2 x 2”, $15.00 ac 


“RECENT ACQUISITIONS = 


a 


_ Bournonite. Germany. Xled with chalcopyrite, xled siderite on xline siderite 5 x 6", Sa 


Z 


Quartz, var. Rock Crystal. Switzerland. A large water clear crystal with attractive chlorite ae 


phantoms. Rhombohedral faces have been polished. 3Y% x 1144”, $75.00 , 
Scapolite. Quebec. Gray xline with pyroxene, salmon calcite, molybdenite 314 x 8”, $5.00 
Siderite. Germany. Group of light brown’ rhombohedral crystals 314 x 41”, $15.00 


Silicified Wood. Arizona. Exceptional polished complete trunk section, brown, tan, gray, — 
shows grain beautifully. A museum piece, 11 x 1344 x 134”, $75.00 V 


. Sphalerite. Colorado. Medium sized, brown crystals with galena on rock 9 x 1214”, $10.00 


Uranophane. Texas. Yellow tufted in vesicular rhyolite, attractive. 2 x 3”, $4.00, 3 x 4”, tid 


$7.50 


Uranothorite. Ontario. Rich uranothorite ore showing brown) uranothorite, zircon, allanite, 
pyroxene, etc. 3 x 4”, $7.50 


Vanadinite. Southwest Africa. A large group of crystals coated with descloizite. Majority 
of crystals show orange red vanadinite core..5 x 714") $50.00 


MAiuais Japan. A large crystal pseudomorphed after scheelite (Reinite) 114 x 2”, 
17.50 5 ay 


CRYSTALLOGRAPHIC AIDS 


There is nothing finer for lecture demonstration or laboratory study ‘than the crystallo- 
gtaphic models that are prepared in the Krantz laboratories. Accurately cut pearwood 
models are available to illustrate 282 different crystal forms and combinations in the 
popular Dana series. Large models of glass and cardboard simplify lecture work. A wide 
series of crystal structure models includes a very popular set of 6 Si 0 models. (Write for 
new price list.) 


CATALOGS 


Ward's Geology Catalog: a complete listing of collections, bulk minerals and rocks, stu- 
dent specimens, color slides, models and equipment for field and laboratory. Sent free if 
requested on school or business letterhead. 


Ward's Specimen Catalog—FM 10—A recent listing of individual mineral specimens and 
popular collections. 


W A RD’ S NATURAL SCIENCE ESTABLISHMENT, INC. 


3000 RIDGE ROAD EAST . ROCHESTER 9, N.Y. 


GEORGE BANTA COMPANY, INC., MENASHA, WISCONSIN, U.S.A 


